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ABSTRACT 
The Mycobacterium tuberculosis specific insertion sequence IS61101 986 has been 
widely used as probe due to the multiple polymorphism observed among different strains. To 
generate a large number of independent IS6110 transposition products, artificially 
constructed composite transposons containing IS6110 and a kanamycin-resistance marker 
were inserted into a conditionally replicating, thermosensitive Escherichia coli-mycobacterial 
shuttle vector (capable of replication at 30*C but not at 39'C) and introduced into M. 
smegmatis MC2 155. 
The transposition assay included growing lawns of transformants on selective media at 
30'C and exposure to a range of environmental stresses including microaerobic shock, cold 
shock and nutrient deprivation. Lawns were prevented from further growth by shifting to 
39'C. Putative transposition products were observed as kanamycin-resistant papillae growing 
from the lawns after two weeks for the lawns exposed to microaerobic shock only. Analysis 
of papillae revealed insertion of the intact IS6110 composite transposon into the M. 
smegmatis chromosome with loss of the shuttle vector. Integration events were random and 
involved the ends of the IS element, consistent with transposition. Papillation was also 
observed between 5-8 weeks for lawns not exposed to any environmental shocks. These 
events were the result of DNA rearrangements not involving IS6110 transposition, however, 
they did require the presence of IS6110. 
Control of transposition of IS6110 is thought to occur by a translational frameshifting 
mechanism resulting in expression of a fusion protein, the putative transposase. The region 
encompassing the probable frameshift site was fused to a lacZ reporter gene in all three 
possible reading frames and assayed for P-galactosidase activity, however no detectable level 
of frameshifting was evident. 
Transposition of IS6110 in M. tuberculosis may be stimulated by a microaerobic 
environment and cells in a state of non-growth. This may be significant during latent 
infection, resulting in the observed multiple polymorphism of IS6110 in M. tuberculosis. 
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Chapter 1: General Introduction 
1.1 Introduction to mycobacteria 
Mycobacteria are non-sporing, non-motile Gram-positive bacteria which exist 
as straight or curved rods as well as in filamentous or branched form. They are 
classified in the actinomycete branch of Gram-positive bacteria along with species of 
Nocardia and Streptomyces, all of which share certain features such as a primarily 
aerobic metabolism and DNA with high GC content (55-70%). Mycobacteria possess 
a cell wall consisting of an extremely high lipid content (approximately 40% of total 
cell dry weight) thus making them impermeable to hydrophilic agents, resulting in 
growth as pellicles in liquid media and hydrophobic colonies on solid media. This is 
mainly due to the branched long-chain fatty acids known as mycolic acids that are 
covalently linked to the peptidoglycan in the cell wall. The high lipid content is also 
responsible for staining difficulties encountered with conventional stains such as the 
Gram stain. However, once stained, the cells withstand decolourisation by 95% (v/v) 
ethanol or by 3% (v/v) hydrochloric acid. This unique property of acid-fastness has 
been exploited in the identification of mycobacteria and is the basis of the Ziehl- 
Neelsen stain. 
1.2 Mycobacterial species 
Within the Mycobacteriacae family, Mycobacterium is the only genus 
containing over thirty species and can be divided into two main groups: the rapid 
growers and the slow growers. A selection of species is exemplified in table 1.1. 
Mycobacteria are infamous for their slow growth with doubling times ranging from 3 
to 24 hours thus faking up to six weeks for colonies to form on solid media. 
Generally, the slow growing mycobacteria include most of the pathogenic species 
whereas the fast growers include mainly environmental and saprophytic species, 
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forming colonies in 3 to 5 days on solid media. An exception to these groups is 
Mycobacterium leprae which, to this day, has never been cultivated in vitro but only 
in animals, particularly the nine-banded armadillo and in the footpads of laboratory 
mice. 
Table 1.1: Brief list of mycobacterial species 
Slow growing mycobacteria I Fast growing mycobacteria 
The M. tuberculosis complex: 
M. tuberculosis 
M. bovis 
M. africanum 
M. microti 
The M. avium complex: 
M. avium 
M. paratuberculosis 
M. lepraemurium 
M. intracellulare 
M. leprae 
M. fortuitum 
M. smegmatis 
M. vaccae 
M. aurum 
Although the majority of mycobacteria are soil and water dwelling, certain 
species have adapted to life within a host resulting in infection, the best known being 
Mycobacterium tuberculosis and M. leprae, which are the aetiological agents of 
tuberculosis (TB) and leprosy respectively. This level of adaptation however, ranges 
from the rare opportunist pathogens to the obligate parasites. Members of the M. 
tuberculosis complex can also cause TB in anitýals as well as in humans, for example 
M. bovis is responsible for the bovine form of the disease and M. microti is known to 
cause TB specifically in rodents. The M. avium complex likewise includes many 
pathogenic species, the most clinically important being M. avium itself. This is an 
opportunistic pathogen that causes TB in immunocompromised individuals, 
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particularly AIDS patients but is also the aetiological agent of TB in birds. Certain 
species within the fast growing mycobacteria, such as Mfortuitum and M. smegmatis, 
are considered rare opportunists that are occasionally associated with soft tissue and 
joint infection in humans (Newton, Jr. et al. 1993) but are more frequently used as 
model species within the laboratory to study mycobacteria. 
1.3 Tuberculosis 
Pulmonary tuberculosis remains one of the most important infectious bacterial 
diseases in the world, with approximately 8 million new cases and 3 million deaths 
reported annually to the World Health Organisation. It is thought that up to one third 
of the world population may be infected with M. tuberculosis, predominantly in the 
Third World. In contrast, the incidence of pulmonary TB in the western world had 
declined, primarily due to scientific advances in diagnosis, chemotherapy and 
vaccination as well as the improvement in living standards. However, tuberculosis in 
recent years is on the increase in the western world, particularly among the homeless 
population, but largely as a result of the AIDS epidemic, rendering those 
immunocompromised individuals highly susceptible to TB (Collins, 1993). 
The spread of M. tuberculosis is via aerosols containing live bacteria. Once 
inhaled by the host, the bacteria are phagocytosed by alveolar macrophages. M. 
tuberculosis is able to replicate intracellularly and from the macrophages spread 
throughout the body via the lymphatic system. At this initial stage of the disease most 
individuals acquire immunity, however, 5% gain no immunity and proceed to develop 
the symptoms of primary tuberculosis. In the latter cases, the lesions may progress to 
form cavities within the lungs as a result of tissue destruction. However, the spread of 
the disease within the body may also produce lesions of any organ resulting in, for 
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example, tuberculous meningitis or genitourinary tuberculosis. Disseminated 
tuberculosis causes multiple lesions throughout the body and arises due to the 
inadequacy of host defences in containing the infection. Therefore, in addition to 
AIDS sufferers, primary tuberculosis predominantly affects children in the Third 
World presumably with regard to their relative immunological immaturity. 
The most frequent form of pulmonary tuberculosis is post-primary. The 
symptoms of the disease develop several years following initial infection as a result of 
temporary immunosuppression due to old age or illness. Previously dormant bacteria 
begin to replicate within granuloma resulting in discharge of live, virulent bacilli into 
the bronchial tree. These are subsequently expelled by coughing, thus completing the 
infection cycle (reviewed in Hopewell, 1994). 
1.4 Prevention of tuberculosis 
The current preventative measure against tuberculosis infection is by 
vaccination with BCG (bacille Calmette-Gu6rin), a live attenuated strain of M. bovis. 
BCG has been administered to populations worldwide, but with varying levels of 
acquired immunity. Although the average efficacy is stated as 50%, this figure varies 
dramatically according to geographic location. For example, 70-80% efficacy is 
reported in the UK whereas 0-30% is *reported in South India. Although the reasons 
for this variability remain unclear, one possible explanation is that exposure to 
environmental mycobacteria may offer the population a certain level of protection 
against tuberculosis. The relative safety of a live attenuated vaccine has also been 
questioned, especially in HIV-positive individuals. The other disadvantage of the 
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current vaccine is that it can cause the tuberculin skin test to become reactive hence 
reducing the usefulness of this particular diagnostic test for M. tuberculosis infection 
(Bloom and Fine, 1994; Fine, 1989). 
Research into new and improved vaccines against tuberculosis has employed a 
whole range of strategies. These include subunit vaccines based on major secretory 
proteins from M. tuberculosis which have been shown to provide protective immunity 
in animal models (Horwitz et al. 1995). The powerful adjuvant properties of BCG 
have also made it an ideal candidate for the development of new recombinant vaccine 
systems expressing foreign antigens. Strong humoral and cellular immune responses 
to a variety of foreign antigens has been demonstrated in murine models (Stover et al. 
1991). 
1.5 Treatment of tuberculosis 
The primary chemotherapeutic agents for the treatment of tuberculosis are 
rifampicin and isoniazid, which are favoured for their high efficacy and low toxicity. 
These are used in conjunction with secondary drugs in order to prevent the 
emergence of resistant bacilli. Secondary drugs include ethambutol, pyrazinamide, p- 
arninosalicylic acid and streptomycin. This therapy is effective in rendering patients 
noninfectious, however treatment must be continued to prevent relapse. Standard 
drug regimes require 12 months of treatment whereas 6-8 months are required for 
short course regimes. The lengthy treatment requirements immediately impose 
difficult logistic, medical and financial burdens for disease control, particularly in 
those Third World countries where tuberculosis is endemic, resulting in poor 
compliance to treatment. 
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The consequences arising from this is the emergence of multidrug-resistant 
strains of M. tuberculosis (MDR-TB) which are also associated with high mortality. 
The highest rates of acquired MDR-TB have been reported in Nepal (48.0%), 
Gujarat, India (33.8%) and New York City (30.1%), figures indicating the percentage 
of isolates tested and found to be MDR (Cohn et al. 1997). Rapid detection and 
treatment of, these strains is critical, as MDR-TB is associated with dramatic 
outbreaks and high mortality. 
1.6 Molecular tools for mycobacterial investigation 
The development of effective genetic tools has considerably expanded the 
knowledge of mycobacteria by allowing characterisation of genes and proteins. These 
molecular genetic tools are proving invaluable, particularly for the study of M. 
tuberculosis by allowing identification of potential drug targets, characterisation of 
virulence determinants and ultimately, the construction of attenuated strains. 
1.6.1 Gene cloning in mycobacteria 
Mycobacterial plasmids were first reported in the M. avium-intracellulare 
complex (Crawford and Bates, 1979). Plasmid vectors are now routinely used for 
gene cloning in mycobacteria. The most frequently used replicon is from the M. 
fortuitum plasmid pAL5000 (Labidi et al. 1984). Commonly used antibiotic 
resistance markers effective in mycobacteria are the aminoglycoside 
phosphotransferase (aph) genes from transposons Tn5 and Tn903 which confer 
resistance to kanamycin. Other selectable markers in wide use confer resistance to the 
antibiotics such as streptomycin and hygromycin. Plasmid DNA is effectively 
introduced into electrocompetent mutants of M. smegmatis mc 2 155 by electroporation 
yielding 10-4 _ 10-5 transformants gg-1 of plasmid DNA (Snapper et al. 1990). BCG 
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has a lower transfortnation frequency (10-3-10'4 transformants pg"' plasmid DNA) 
compared to M. smegmatis. 
1.6.2 Mycobacterial plasmid pAL5000 
The most frequently used replicon in the genetic manipulation of mycobacteria 
is the 4837 bp plasmid, pAL5000, from M. fortuitum (Labidi et al. 1985). This has 
been used effectively as the basis for shuttle vectors in genetic investigation of the 
fast-grower M. smegmatiý as well as the slow growers M. bovis BCG and M. 
tuberculosis. The sequence of pAL5000 has been reported by Rauzier et al. (1988) 
and the functional regions necessary for replication have been studied and 
characterised (Stolt and Stoker, 1996b; Stolt and Stoker, 1996a). The minimum region 
from pAL5000 required for replication is an approximate 1.6 kb region including two 
open reading frames present in tandem and designated repA and repB. These open 
reading frames overlap by I bp and are týýht to be transcribed as an operon. 
Immediately upstream of repA is a 435 bp segment containing the origin of 
replication (ori), located in a region with a high incidence of repeated sequences (Stolt 
and Stoker, 1996b). Both RepA and RepB proteins are necessary for plasmid 
replication. The RepB protein has been shown to bind to a high affinity site within its 
own promoter region and also to a low affinity site within the ori region (Stolt and 
Stoker, 1996a). Thus, RepB protein autoregulates its own expression and also plays a 
role in the initiation of plasmid replication. The role of the RepA protein, although 
essential, remains to be established in the replication of pAL5000. 
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1.6.3 Mycobacterlophages 
Currently over 250 mycobacteriophages are known. The best characterised is 
the temperate mycobacteriophage L5. The entire L5 genome has been sequenced 
(Hatfull and Sarkis, 1993) and all genes involved in integration and lysogeny have 
been identified including the integrase (int) and attachment (attP) genes, as well as 
the chromosomal attachment site attB. These phages have been used to introduce and 
stably maintain plasmids by site-specific integration into the genome of M. 
smegmatis, M. tuberculosis and BCG (Lee et al. 199 1). Such a system is ideal for the 
isolation of mycobacterial virulence determinants and also for the construction of 
recombinant BCG vaccines. 
1.6.4 Mutagenesis in mycobacteria 
Mutatagenesis is a crucial method for the characterisation of mycobacterial 
genes, in particular the identification of potential virulence genes. This involves 
disruption of genes and the phenotype of the mutant is compared to that of the 
parental strain. 
One technique is allelic exchange that exploits the homologous recombination 
mechanisms of the host. Homologous recombination occurs between donor and target 
molecules that share a certain level of sequence identity and is discussed in further 
detail in section 1.7. Allelic exchange has been demonstrated by Norman et al. (1995) 
to replace the accBC target gene, encoding a subunit of biotin carboxylase, with the 
aph gene on the M. bovis BCG chromosome. This involved a replicating shuttle 
vector harbouring a counter selectable marker, katG (conferring isoniazid sensitivity), 
and a copy of the target gene that had been inactivated by an aph gene insertion. 
Homologous recombination-mediated, double cross-over events leading to allele 
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replacement of the accBC target gene were selected for by loss of the vector and thus 
isoniazid resistant colonies. Also, Balasubramanian et al. (1996) have used long 
linear DNA fragments (>40 kb) to construct an exchange mutant in M. tuberculosis. 
This involved transformation of M. tuberculosis with a linearised cosmid containing a 
DNA fragment with a mutant allele of the IeuD gene (protein involved in leucine 
biosynthesis). 
Transposon mutagenesis is an alternative technique in the generation of mutants 
for subsequent characterisation of genes. This method utilises certain mobile 
elements, that upon transposition, randomly disrupt chromosomal genes. Mobile 
genetic elements will be discussed in detail further in this chapter. The advantage of 
this technique is that no previous assumptions are made regarding the identity of the 
gene responsible for a particular phenotype. Thus, a library of mutants can be 
generated and analysed. Transposon mutagenesis libraries have been generated in M. 
smegmatis using the M. fortuitum insertion sequence, IS6100, delivered on a 
conditionally replicating, mycobacterial thermosensitive vector. This vector was 
capable of replication at 30'C but not at 39"C (Guilhot et al. 1994). Using the M. 
smegmatis insertion sequence, ISI096, McAdam et al. (1995) have generated M. 
bovis BCG mutants. However, since this IS element was delivered on a non- 
replicating vector, the number of mutants were particularly low (<100 per 
experiment). This number is considerably less than the 104 mutants theoretically 
required for saturation of the all the estimated 4000 genes within the genome. An 
alternative method has been used to achieve transposon mutagenesis in M. 
tuberculosis. This involved the use of a conditionally replicating (thermosensitive) 
phage system to deliver the transposon Tn5367 (Bardarov et al. 1997). A very large 
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number of insertion mutants were generated by this system in M. tuberculosis and M. 
bovis BCG, as virtually every cell in the population can be infected. 
The mutagenesis systems described, utilised conditionally replicating vectors, 
often thermosensitive. This allowed an increase in frequency of the mutagenic events, 
by selection for the integrative events and counterselection of the vector. Various 
strategies have been employed to increase the efficiency of vector counterselection. 
These include katG, as previously mentioned, and sacB. The sacB gene, from 
Bacillus subtilis confers sucrose sensitivity on mycobacteria and hence can be used 
for counterselection (Pelicic et al. 1996). Thermosensitive vectors, together with sacB 
have been utilised to generate a highly efficient delivery system for transposon 
mutagenesis in M. tuberculosis using the M. smegmatis insertion sequence, IS1096. 
This generated ý,. 106 mutants which is far greater than the number theoretically 
required to obtain at least one insertion in every non-essential gene (Pelicic et al. 
1997). Thermosensitive-sacB vectors have also been utilised for highly efficient 
allelic exchange mutagenesis in M. tuberculosis, as demonstrated with the purC gene, 
involved in the purine biosynthetic pathway. M. tuberculosis transformants 
containing a then-nosensitive-sacB vector with a purC:: aph-mutated allele were 
selected at the permissive temperature in liquid culture during which allelic exchange 
mutants could accumulate. From the clones selected on kanamycin-sucrose plates, 
100% were analysed as allelic exchange mutants (Pelicic et al. 1997). 
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Other systems are also capable of promoting recombination events, for example, 
mycobacteriophages such as L5, previously described in section 1.6.3. Recent reports 
have also demonstrated conjugal transfer of chromosomal DNA in M. smegmatis 
(Parsons et al. 1998). This mechanism appears to be similar to that of the E. coli Hfr 
conjugation where sections of the M. smegmatis genome are transferred from a donor 
strain to a recipient strain by the rolling circle method of gene transfer. It has been 
suggested that this phenomenon may be due to a previously integrated conjugative 
plasmid, transposon or phage that has lost the ability to excise, thus resulting in an 
Hfr-like chromosome. 
1.7.1 Homologous recombination 
Homologous recombination has been achieved in fast and slow growing 
mycobacteria as demonstrated by allele replacement and described in section 1.6.4. In 
M. smegmatis, the most frequent integration event is a single cross-over between a 
circular plasmid and the chromosome, generally arising at a frequency of 10-4_10-3 of 
the transformation frequency with replicating plasmids. The frequency of double 
cross-over events resulting in allele replacement tends to be at a frequency of 10-6_ 1 0, 
4. Homologous recombination in slow growing species of mycobacteria such as M. 
bovis BCG and M. tuberculosis has proved to be much more difficult (reviewed in 
McFadden, 1996). The reason for this is the structure of the recA gene from M. 
tuberculosis and M. bovis BCG. The RecA protein is the key enzyme involved in 
prokaryotic homologous recombination. It is involved in DNA repair, chromosomal 
replication and induction of the, SOS response, amongst other processes within the 
cell. The mycobacterial recA gene is interrupted by an open reading frame encoding 
an intein, which are a class of genetic elements capable of post-translationally 
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splicing out of the mature protein (Davis et al. 199 1). The spliced RecA protein has an 
ATP-dependent single stranded DNA binding activity, ATPase activity and is capable 
of pairing between single-stranded DNA and homologous double-stranded DNA 
(Kumar et al. 1996). These functions are similar to that of the RecA protein from 
E. coli. This splicing mechanism may regulate the activity of the RecA protein in M. 
tuberculosis and M. bovis BCG. 
1.7.2 Illegitimate recombination 
Illegitimate recombination is responsible for a variety of genome 
rearrangements such as deletions, insertions, translocations or duplications. The 
mechanisms allowing such events are thought to involve a number of enzymatic 
systems which break and join DNA, for example topoisomerase and gyrase, or 
replicate DNA resulting in the generation of ends that may interact with other free 
DNA ends. Rearrangements can also occur involving regions of short homologous 
sequences which is often a characteristic feature of illegitimate recombination 
(Ehrlich, 1989). The frequency of illegitimate recombination detected in the tubercle 
bacillus, as measured by the integration of heterologous plasmids into the 
chromosome, is approximately 10-3. Studies have also demonstrated the structural 
instability of recombinant plasmids, particularly in M. bovis BCG. This resulted in 
deletions in the vector through recombination between short repeats (Haeseleer, 
1994). Elegitimate recombination is likely to be a frequent event within the M. 
tuberculosis complex, however, studies have suggested that it does not occur within 
M. smegmatis at observable frequencies (Kalpana et al. 1991), although this may be 
as a result of a much higher observed level of homologous recombination. 
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1.8 Transposable elements 
A multitude of mobile genetic elements have been identified from both 
prokaryotes and eukaryotes. Transposable elements are discrete DNA sequences that 
can move from one location on a DNA molecule to another location on the same or 
on a different molecule, by the process labelled transposition. This is, in effect, an 
illegitimate recombination event as the element does not require any homology 
between itself and the site of integration. The host cell's homologous recombination 
system is not required and hence transposition is recA-independent. 
Prokaryotic transposons can be divided into at least four major classes 
depending upon the structure and mode of transposition. All these elements encode 
the transposase enzyme (or similar) that is essential for mobility of the element. These 
include IS elements and composite transposons (type I transposons), as described in 
section 1.10, Tn3-like transposons (type II transposons), transposable bacteriophages 
and conjugative transposons. The complex transposons such as members of the TO 
family consist of quite large elements, approximately 5000 bp in length. These 
encode genes that are involved in transposition and selectable determinants such as 
antibiotic resistance or heavy metal resistance. The archetype is transposon Tn3 
which possesses P-lactarnase, resolvase and transposase genes flanked by 38 bp 
inverted repeats. Transposable bacteriophages, typified by bacteriophage Mu, include 
transposition as an essential part of their life cycle. They differ from other 
transposable elements in that they can exist independently of other DNA molecules 
and the host cell as bacteriophage particles. Conjugative transposons such as TOM 
encode both antibiotic resistance and transfer functions that mediate conjugal transfer 
of the transposon from one cell to another as well as being able to transpose 
intrace(uýý(reviewed in Bennett, 1992). 
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1.9 Prokaryotic insertion sequences 
Insertion sequences (IS elements) are the simplest of prokaryotic mobile DNA 
elements which are approximately 0.7 kb-2.5 kb in size and encode only the functions 
required for transposition of the element, namely the transposase. The smallest known 
is IS] from E coli K-12 which is 768 bp in length with multiple copies (6-10) present 
within the genome. Hundreds of these ubiquitous elements have been isolated from a 
vast range of bacterial genera and species. Classification of insertion sequences into 
particular families has included sequence analysis, similarities in transposase domains 
and other similarities regarding structure and function of the elements. The members 
of most individual families can be distributed across many different bacterial genera, 
although the highest number of elements documented have been from those species 
most extensively studied (reviewed in Galas and Chandler, 1989; lida et al. 1983). 
1.10 Structure of IS elements 
The majority of IS elements exhibit short terminal inverted repeat sequences 
(IR) between 10 and 40 bp that are the substrate of the transposase. The inverted 
repeats can be divided into two functional domains. The first is positioned within the 
IR and is involved in transposase binding and the second which includes the two or 
three terminal base pairs is involved in the cleavage and strand transfer reactions 
resulting in transposition of the element (Zerbib et al. 1990). The transposase is 
generally encoded by a single or two, open reading frames and extends nearly the 
entire length of the element. 
Another general feature of IS elements is that, on transposition, most generate a 
short direct repeat sequence flanking the element (see section 1.11). The length of the 
direct repeats are between 2 and 14 bp and is characteristic for a given element. The 
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generation of direct repeats is a characteristic hallmark of transpositio0he size of 
these direct repeats is element specific, although the actual sequence may vary, unless 
the IS element favours a specific recognition site for integration (hotspot). Therefore, 
the presence of these direct repeats is often associated with an IS element even if the 
particular element is no longer able to transpose. 
IS elements are also found as part of a composite transposon, also known as 
type I transposons. These consist of two insertion sequences flanking a resistance 
gene, usually an antibiotic resistance marker. One or both IS elements within a 
composite transposon provide the transposition functions for mobility of the entire 
transposon. A well documented example of a composite transposons is TnIO which 
possesses a tetracycline resistance marker flanked by two copies of IS 10 (Foster et al. 
1981). 
1.11 Transposition mechanism 
Transposable elements can move by either a conservative or a replicative 
mechanism. Conservative, or 'cut-and-paste, ' transposition leads to a simple insertion 
of the element from the donor site to the target site without replication of the element. 
Replicative transposition leads to a duplication of the element and the formation of a 
cointegrate consisting of the transposon donor molecule integrated with the target 
molecule and an extra copy of the element. The mechanisms of transposition are 
displayed in figures 1.1. and 1.2 (reviewed in Bennett, 1992; Craig, 1995). 
Conservative transposition involves excision of the transposon from the donor 
molecule into a staggered cleavage at the target site. Excision of the transposon can 
occur by two different types of cleavage. Conservative transposition can proceed via 
a double-stranded cleavage at both ends of the IS element resulting in complete 
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excision of the element from the donor in a single reaction (figure 1.1). Evidence to 
support this mechanism has been provided for ISIO (Morisato and Kleckner, 1984; 
Bender and Kleckner, 1986). Alternatively, conservative transposition can proceed 
via single-stranded cleavages at the 3' extremities of the transposon and a staggered 
cleavage at the target site to generate 5' protruding ends. The 3' ends of the 
transposon are ligated to the 5' ends of the target site forming the Shapiro 
intermediate, presented in figure 1.2 (Shapiro, 1979). A second specific cleavage of 
the 5' end of the transposon and filling in of the single stranded regions of the target 
site results in insertion of the transposon into the target site flanked by direct repeats. 
In replicative transposition, the transposon sequences are duplicated by semi- 
conservative replication as an intrinsic part of the transposition process. This 
replicative mechanism is displayed in figure 1.2. On generation of the previously 
described Shapiro intermediate, replication of the target site and the transposon 
occurs by using the recipient as the primer, resulting in the formation of a cointegrate. 
Resolution of the cointegrate, either by a site-specific resolvase or the host's 
homologous recombination functions results in two copies of the transposon, one 
contained within the donor site and another within the target site. 
1.12 Transposase 
The recombination reactions of transposons require the element-specific 
transposase enzyme. The sequence-specific DNA binding activities of the proteins are 
generally located in the N-terminal region, while the catalytic domain is often 
localised towards the C-terminal end, as identified for IS] (Machida and Machida, 
1989) and Tn3 (Maekawa et al. 1993). The transposase is capable of site-specific 
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cleavage at the transposon termini and at the target site followed by joining the 3'-OH 
ends of the transposon to the 5'-phosphate ends of the target site. An amino acid triad 
at the N terminal of the transposase has been implicated in the catalysis of such 
reactions. The role of this triad may be in coordinating the divalent metal cations that 
are known to assist the various nucleophilic attacking groups during the course of the 
reaction. The triad conserved within many IS elements (IS3 and IS6 families) has 
been identified as the DD(35)E motif, which is also a feature of the retroviral 
integrase protein (Polard and Chandler, 1995). 
1.13 Control of transposition 
Transpositional activity is generally maintained at a low level as high activities 
could result in excessive genome rearrangements which would be detrimental to the 
host. Therefore, a range of mechanism have been adopted by insertion sequences to 
control their level of transposition. Control may be directed by regulating the level of 
transposase. The transposase promoters are generally weak and many are partially 
located in the terminal inverted repeats thus allowing autoregulation by element- 
encoded transcriptional repressors (Machida and Machida, 1989). 
Transposase expression can be controlled at the post transcriptional level by 
preventing translational initiation. This is the case for ISIO where secondary structure 
formation of the mRNA transcripts occurs when initiated at sites external to the 
transposase promoter (pIN). This secondary structure sequesters the transposase gene 
start codon (Davis et al. 1985). ISIO also generates small anti-sense RNA molecules 
that are complementary to the transposase gene ribosome binding site, again 
preventing expression. The activity of the IS10 pIN promoter is modulated by the 
presence of a site for Dam methylase located within the -10 hexamer. Methylation 
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reduces pIN activity, however, after replication this site becomes transiently 
hernimethylated and promoter strength is increased. Dam sites are present in both 
inverted repeats. When these sites are methylated, the activity of the ends in the 
transposition reaction is reduced, while in a hernimethylated state transposition 
activity is increased. Therefore, transposase expression and transposition activity are 
coupled to replication of the donor molecule. This assures passive replication of the 
donor molecule preceding transposition of the element (reviewed in Kleckner, 1990). 
Another mechanism acting at the level of translation elongation involves 
programmed translational frameshifting between two consecutive open reading 
frames. This control mechanism has been demonstrated for IS] and many members of 
the IS3 family and will be described in detail in chapter 5. 
1.14 Consequences of transposition 
The transposition of an insertion sequence can have a range of effects on the 
host cell. These include the disruption of genes upon insertion or conversely precise 
excision resulting in restored function of a gene. Many IS elements have been shown 
to activate the expression of neighbouring genes. Certain elements such as IS] and 
IS2 possess outwardly directed -35 promoter hexamers in the terminal inverted 
repeats. On transposition adjacent to a -10 hexamer, this may form a fully functional 
promoter thus driving expression of downstream genes. Other IS-mediated 
rearrangements include deletions and inversion of neighbouring DNA sequences. 
Transposition of IS elements can also occur horizontally particularly if present on 
conjugative plasmids resulting in transfer of genetic material including, for example, 
antibiotic resistance genes. This is of particular concern regarding the emergence of 
antibiotic resistant strains of pathogenic bacteria where the selection pressure is 
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exerted by overuse of antibiotics. Cointegrate formation with conjugative plasmids 
can lead to the formation of Hfr strains where large amounts of genetic material can 
be transferred by conjugation. Transposition may not, in all cases, provide a selective 
advantage to an organism, however, IS elements may in the long run confer an 
advantage to the cell population. Since evolution proceeds by accumulating 
mutations, a process that accelerates mutation, such as transposition, may speed up 
evolution (Bennett and Hawkey, 1991; Galas and Chandler, 1989). 
1.15 The IS3 family 
The IS3 family of insertion sequences is one of the most widely distributed 
among bacterial genera and species. Over 80 members of this family have been found 
to date in over 40 bacterial species. Many show a GC content similar to their host 
organism, from 70% in mycobacteria to 25 % in mycoplasma. Several have also been 
identified as part of a composite transposon, for example IS4521 which flanks a heat- 
stable enterotoxin gene in enterotoxinogenic E. coli. Members of this family range in 
size from 1200 bp-1550 bp with terminal inverted repeats in the range of 20-40 bp. 
They generally possess two consecutive and partially overlapping reading frames 
(ORFa and ORFb) present in the 0 and -1 translational reading phases respectively. 
The predicted primary amino acid sequences of the various ORFa proteins from 
different members of the family display a strong a helix-turn- a helix motif that 
suggests DNA binding capabilities. The ORFb products carry a DD(35)E motif 
implicated in the catalytic functions of the transposase. 
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1.16 Mycobacterial IS elements 
Many mycobacterial insertion sequences were first discovered from differential 
hybridisation of genomic libraries whilst looking for strain-specific probes useful for 
RFLP analysis and epidemiological studies. Several insertion sequences from a range 
of mycobacterial species have been identified to date (reviewed in Dale, 1995). These 
have been summarised in table 1.2. 
Table 1.2: Mycobacterial insertion sequences 
IS Element Family Host Size (bp) IR (bp) DR (bp) Reference 
IS986 IS3 M. tuberculosis 1355-1361 28 3 McAdam et at. 
1990 
IS6110 IS3 M. tuberculosis Thierry et al. 1990 
IS987 IS3 M. bovis Hermans et al. 1991 
IS1081 IS256 M. tuberculosis 1324 15 Collins and 
complex (and M. Stephens, 1991 
xenopi) 
IS900 IS1161900 M. paratuberculosis 1451 - Green et al. 1989 
IS901 IS1161900 M. avium 1472 Kunze et al. 1991 
IS1110 IS1161900 M. avium 1457 - - Hernandez-Perez et 
al. 1994 
IS1096 M. smegmatis 2260 25 8 Cirillo et al. 1991 
IS6120 IS256 M. smegmatis 1486 24 9 Guilhot et al. 1992 
IS1137 IS3 M. smegmatis 1361 32 3 Garcia et al. 1994 
IS1652 M. kansasi 947 - 3 Yang et al. 1993 
IS6100 IS6 M. fortuitum 880 14 Martinet al. 1990 
IS1141 IS3 M. intracellulare 1596 23 4-5 
1.16.1 M. tuberculosis complex IS elements 
The insertion sequences IS61101 IS986 and IS987 from the M. tuberculosis 
complex will be described in detail in section 1.17. Another insertion sequence from 
the M. tuberculosis complex is IS1081. This was isolated from a library of M. bovis 
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using genomic probes of M. tuberculosis and M. bovis DNA (Collins and Stephens, 
1991). Multiple copies of this element have also been detected in a strain of M. 
xenopi. The limited polymorphism. displayed by this element makes it of little 
epidemiological use, however, it can be used to distinguish M. bovis BCG from other 
strains of the M. tuberculosis complex (Van Soolingen et al. 1992). IS1081 has a 
conventional IS element organisation with 15 bp inverted repeats and a single open 
reading frame coding for a putative transposase. The completion of the M. 
tuberculosis H37Rv genome sequence has revealed 6 copies of IS1081 and 
identification of a further 32 different insertion sequence elements, most of which 
have not been characterised (Cole et al. 1998). These newly discovered IS elements 
belong mainly to the IS3 and IS256 families with similarities to elements found in 
Nocardia and Rhodococcus species, suggesting wide dissemination among the 
actinomycetes. 
1.16.2 M. avium complex IS elements 
IS900 was the first characterised mycobacterial insertion sequence isolated 
from M. paratuberculosis which allowed comparison of Crohn's disease isolates and 
strains of the M. avium complex (Green et al. 1989; McFadden et al. 1987; 
McFadden et al. 1998). IS901 is also another member of the IS900 family and is 
generally confined to M. avium isolates from animals and birds (Kunze et al. 1991). 
ISHIO from M. avium has also been characterised as a member of the IS900 family 
and could potentially be used for epidemiological studies of M. avium infections in 
AIDS patients (Hemandez-Perez et al. 1994). These group of IS element are unusual 
in that they lack terminal inverted repeats and direct repeats that are characteristic of 
many insertion sequences. IS900 and IS901 have shown preferential consensus 
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recognition sites for insertion hence limiting their value as tools for transposon 
mutagenesis. Transposition mediated by IS900 has been demonstrated experimentally 
in M. smegmatis (Dellagostin et al. 1993; England et al. 1991). This involved the 
artificial construction of composite transposon with two copies of IS900 flanking a 
kanamycin-resistance marker on a suicide vector unable to replicate in mycobacteria. 
Both simple insertions of the IS900 composite transposon and replicative cointegrate 
structures were identified on the M. smegmatis chromosome. This strategy also forms 
the basis of integrative vectors used for the expression of foreign genes in 
mycobacterial species as demonstrated in M. bovis BCG and M. vaccae (Dellagostin 
et al. 1993). 
1.16.3 M. smegmatis IS elements 
The M. smegmatis insertion sequence, ISI096 was isolated using a transposon 
trap (Cirillo et al. 1991). This involved a vector carrying a lacZ gene that was 
introduced into M. smegmatis strains and insertions detected by inactivation of the 
lacZ. The element is present in 8-16 copies in the genome with a high polymorphism 
of location. This IS element has been used in transposon mutagenesis in M. bovis 
BCG to generate auxotrophic mutants. Analysis of transposition products revealed a 
weak consensus sequence for integration of the element and insertions occurred by a 
conservative mechanism. Also two open reading frames were identified from the 
element, tnpA and tnpR. From deletion studies only an intact tnpA was required for 
transposition thus is likely to encode the transposase (McAdam et al. 1995). The 
function of tnpR remains to be established. 
IS6120 was also isolated from M. smegmatis with the use of a transposon trap. 
Two consecutive non-overlapping reading frames ORFa and ORFb have been 
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recognised with ORFb displaying some similarity to IS256 from Staphylococcus 
aureus. This element appears to be confined to M. smegmatis where multiple copies 
(2-8) are present in the genome (Guilhot et al. 1992a). 
IS1137 has been identified in M. smegmatis (Garcia et al. 1994). It shares 
characteristics with other members of the IS3 family including two consecutive 
overlapping open reading frames that may express the putative transposase. This 
element is found only in M. smegmatis and M. chitae. 
1.16.4 Transposon Tn6lO 
Transposon Tn6lO was identified from a strain of M. fortuitum using a probe 
derived from the transposon Tnl696. This probe sequence encodes a site-specific 
integrase. Adjacent to this integrase open reading frame on the M. fortuitum genome, 
a sulphonamide resistance marker was identified. These genes are flanked by two 
copies of IS6100, a member of the IS6 family of insertion elements (Martin et al. 
1990). This is the first characterised naturally occurring composite transposon in 
mycobacteria. The mobility of the IS6100 elements have been demonstrated in M. 
smegmatis by the construction of an artificial composite transposon, Tn6ll. This 
consists of two copies of IS6100 flanking a kanamycin resistance gene. Transposition 
leading to the formation of cointegrate structures was evident (Guilhot et al. 1994). 
This IS element has subsequently been used to generate transposon mutagenesis 
libraries in M. smegmatis and has also been shown to be mobile in Streptomyces 
lividans (Smith and Dyson, 1995; Guilhot et al. 1994). 
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1.17 1S 61101986 
The insertion sequence IS986 was initiallY discovered during an attempt to 
demonstrate the presence of plasmids in clinical isolates of M. tuberculosis by 
Southern hybridisation of M. tuberculosis DNA with probes derived from a M. 
fortuitum plasmid related to pAL5000 (Zainuddin and Dale, 1989). However, no 
plasmid bands were detected and multiple polymorphic bands were evident which 
were subsequently identified as an insertion sequence and named IS986 (McAdam et 
al. 1990). Independently another copy of the same element was sequenced and 
labelled IS6110 (Thierry et al. 1990). A virtually identical element present as a single 
copy was also sequenced from M. bovis BCG and named IS987 (Hermans et al. 
1991). These three elements are collectively known as IS6110, unless referring to 
specific copies, however, the slight base differences between the elements may be due 
to sequencing errors. 
IS6110 belongs to the IS3 family of insertion sequences and shares many 
characteristics typified by members of this family. The structure of the element is 
presented in figure 1.3. It is approximately 1358 bp in size (depending upon the 
particular sequence) and has 28 bp terminal inverted repeats. The currently published 
sequences of IS6110 show the presence of 3 bp direct repeats flanking the element. 
These are CGA for the IS6110 sequence (Thierry et al. 1990) and CCC from the M. 
bovis BCG IS987 sequence (Hermans et al. 1991). No direct repeat is present in the 
published IS986 sequence (McAdam et al. 1990), however this may be due to 
sequencing effors. Two main consecutive and overlapping open reading frames have 
been identified and labelled ORFa and ORFb. These ORF's are present in the 0 and - 
I reading phases respectively. At the region of overlap between the two ORF's a 
putative ribosomal frameshift site has been identified (McAdam et al. 1990). This 
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Figure 1.3: Structure of IS6110 displaying the open reading frames ORIýa and ()Rl, 'b 
in the 0 and -1 reading phases respectively. The putative frameshill sequence 
TTTAAAG is present in the overlap of the two open reading Cranics. The 29 bp left 
(IRL) and right(IRR) tenninal inverted repeatsare also displayed. 
The size of the element is 1358 bp. 
29 
Chapter 1: General hitroduction 
gene structure is similar to other members of the IS3 family where a -1 ribosomal 
frameshift results in expression of an ORFab fusion protein: the putative transposase. 
1.18 Occurrence of IS61 10 and RFLP analysis 
IS6110 and related elements appear to be confined to the M. tuberculosis 
complex and are present in up to 23 copies in different strains, however, strains 
lacking the element have also been reported (Van Soolingen et al. 1993). The M. 
tuberculosis H37Rv genome sequence has revealed the presence of sixteen copies of 
the element predominantly present in a region rich in direct repeated sequences (Cole 
et al. 1998). This is consistent with the location of IS987 in M. bovis BCG which is 
also present in a direct repeat region (Hermans et al. 1991), however only a single 
copy of the element is present in virtually all M. bovis strains and at the same location 
in the chromosome. 
The polymorphic nature of IS6110 has resulted in its use as a tool for 
epidemiological studies by RFLP analysis (Hermans et al. 1990; Zainuddin and Dale, 
1989). RFLP analysis has been widely used by researchers to better understand 
tuberculosis transmission as well as monitoring the spread of multidrug-resistant 
strains worldwide (Small and Van Embden, 1994). The 3 bp duplications flanking the 
insertion sequence suggests that the element has transposed and these transpositions 
are the source of IS6110-mediated RFLP. The transpositional activity of ISNIO has 
been demonstrated in M. smegmatis using artificially constructed composite 
transposons delivered on a vector unable to replicate in mycobacteria. However, the 
number of putative transposition products generated was extremely low, in the order 
of 1-2 events gg" DNA (Fornukong and Dale, 1993). The stability of IS6110-based 
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fingerprints for the laboratory strains of M. bovis BCG demonstrates that the element 
(IS987) has not transposed in over 60 years of propagation in various laboratories. 
1.19 Alms of study 
IS61101 986 is an extremely important tool in the epidemiological analysis of 
M. tuberculosis strains. Currently very little is known regarding the mobility of this 
element and the mechanisms of transposition. Further study on mobility of this 
element may provide insights into the RFLP banding patterns observed among 
different strains and the effect of transposition on the host cell. The strategies used for 
this study will include the construction of artificial IS6110 composite transposons 
delivered on a conditionally replicating mycobacterial vector in order to generate a 
large number of independent transposition events in the model organism, M. 
smegmatis. This has the potential to be used as an effective transposition assay to 
further investigate IS6110 transposition mechanisms. The presence of translational 
frameshifting as a control mechanism for transposition will also be examined. 
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CHAPTER 2 
CONSTRUCTION OF REPLICATIVE VECTORS TO 
DEMONSTRATE TRANSPOSITION OF IS6110 
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'2.1 INTRODUCTION" 
2.1.1 General introduction 
The insertion sequence IS61101 IS986 was initially identified by Zainuddin and 
Dale (1989) from a bacteriophage X gene library of M. tuberculosis, isolate 50410 
(TB Reference Unit, Dulwich Hospital, London). The IS element has been 
independently sequenced by Thierry et al. (1990), designated ISNIO and McAdam et 
al. (1990), designated IS986. These sequences are virtually identical to the single 
copy IS element, IS987, from M. bovis BCG (Hermans et al. 1991). The differences 
identified between IS6110, IS986 and IS987 are thought to be due to sequencing 
errors, and that all three sequences are identical. These are collectively known as 
IS6110. The IS element has two potentially significant open reading frames, ORFa 
and ORFb on the coding strand, in the 0 and -1 reading frames respectively that code 
for the putative transposase. An inverted repeat of 28 bp is present on both the left and 
right termini of the IS element with a3 bp difference between the left and right ends. 
IS6110 has been used widely for typing M. tuberculosis isolates as a result of 
the multiple polymorphism observed when using this element as a probe. The 
presence of multiple copies at a variety of locations suggests that the element is 
transpositionally active. The transpositional activity of IS6110 has been demonstrated 
in M. smegmatis (Fomukong and Dale, 1993). This involved using artificially 
constructed composite transposons, with two copies of IS6110 flanking an aph gene, 
which were delivered into M. smegmatis on a suicide vector unable to replicate within 
mycobacteria. Therefore, any kanamycin-resistant transformants obtained were the 
result of an insertion of the aph gene into the chromosome via any integrative events, 
) 
PA( 0 
possibly transposition of IS6110. Cointegrate structures were observed but the 
frequency of these putative transposition products was extremely low, in the order of 
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1-2 events gg" DNA (Fornukong and Dale, 1993). The PCR-amplified IS6110 
elements used possessed identical inverted repeat ends, unlike the wild-type sequence 
which possesses a3 bp difference between the left and right ends. Since these 
inverted repeats are thought to be the substrate for the putative transposase, this may 
have had an effect on mobility of the IS element used. 
Many mycobacterial insertion sequences have been characterised but 
confirmation of their transpositional activities has proved difficult to demonstrate 
within their original hosts. Transposition has been shown for other mycobacterial IS 
elements, often within the model species, M. smegmatis. An example of this is IS900, 
an insertion sequence from M. paratuberculosis, where mobility has been 
demonstrated using artificially constructed composite transposons, with the detection 
of both cointegrate and simple insertion type integration products (England et al., 
1991; Dellagostin et al., 1993). Cointegrate formation has also been demonstrated for 
the M. fortuitum insertion sequence IS6100 (Martin et al. 1990). Mobility of an A 
smegmatis IS element, IS6120 has been shown by its ability to transpose into different 
sites within the lambda repressor gene controlling an apramycin-resistance cassette on 
a mycobacterial-Ecoli shuttle vector (Guilhot et al. 1992a). 
All the transposition events detected in these studies involved the IS elements 
being delivered on non-replicating (suicide) vectors, thus providing very low 
frequencies of putative transposition products. However, high transformation 
efficiencies are required to allow the detection of low frequency events, such as 
transposition. This problem has been addressed by the use of conditionally replicating 
vectors that have considerably boosted the number of transposition products detected, 
particularly in the study of IS6100 (Guilhot et al. 1994). The vector used in this case 
included a mycobacterial thermosensitive replicon (Guilhot et al. 1992b). To study 
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the transposition of IS6110 in M. smegmatis, such a vector, possessing a 
thermosensitive mycobacterial origin of replication needs to be utilised as the system 
for transposon delivery. 
2.1.2 Detection of transposition using thermosensitive vectors 
Thermosensitive replicons have been used successfully as a delivery system for 
transposition assays in mycobacteria (Guilhot et al. 1994) and in Bacillus subtilis 
(Maguin et al. 1992). The usefulness of a thermosensitive replicon lies in its ability to 
be initially propagated in a large bacterial population and subsequently shut-off at an 
elevated temperature, thus allowing selection for transposition events. The 
thermosensitive replicons used in mycobacteria are vectors pCG59 and pCG63 that 
contain the thermosensitive pAL5000 in its entirety. The plasmids were created by 
hydroxylarnine mutagenesis and the thermosensitive phenotype has been shown to be 
due to mutations in the mycobacterial replication functions, although the exact 
mutations are unknown. These vectors are capable of replication in M. smegmatis at 
30'C but are lost rapidly when the culture is incubated at 390C (Guilhot et al. 1992b). 
These conditionally replicative vectors have been successful in generating a large 
number of random Tn6ll (two copies of IS6100 flanking an aph gene) transposition 
events in the M. smegmatis chromosome, and have been used to create insertional 
mutant libraries (Guilhot et al. 1994). 
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2.1.3 Aims 
In order to study transposition of IS6110 in mycobacteria, an effective 
conditionally replicating vector system is required to produce a more sensitive 
transposition assay. Initially, a smaller Ecoli-mycobacterial shuttle vector based on 
the thermosensitive plasmids created by Guilhot et al. (1992b) needs to be 
constructed, discarding any non-essential regions and to facilitate further cloning. The 
minimum region required for replication of pAL5000 is a 1.6 kb region which has 
been sequenced and characterised (Stolt and Stoker, 1996a; Stolt and Stoker, 1996b). 
Since the thermosensitive mutations in the conditionally replicating vectors are 
thought to reside within the region of the pAL5000 origin of replication, it is possible 
to isolate the thermosensitive 1.6 kb region from pCG59 to construct a smaller 
thermosensitive mycobacterial shuttle vector. This 1.6 kb region from the 
thermosensitive mutant of pAL5000 (pCG59) was isolated and analysed for 
thermosensitivity. 
IS6110 was PCR-amplified and the sequence analysed in order to confirm the 
presence of the correct sequence, as compared to the sequences obtained for ISNIO 
(Thierry et al. 1990), IS986 (McAdam et al. 1990) and IS987 (Hermans et al. 1991), 
including the imperfect terminal inverted repeat ends. Composite transposons were 
subsequently constructed for the study of IS6110 in a transposition assay utilising the 
thermosensitive vector as a delivery system in M. smegmatis MC2 155. 
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2.2'MATERIALSAND, METHODS. ýý 
2.2.1 Oligonucleoticle primers 
Primer I Sequence (51-31)' 
PI GCTCTAGAGCCCTGAACCGCCCCGG IS6110 nt 1-13 and nt 1341- 
1354 (complementary), 5'-non- 
homologous XbaI site 
P2 ACATGCATGCATGTCCTGAACCGCCCCGG ISO 10 nt 1- 13 and nt 134 1- 
1354 (complementary), 5'-non- 
homologous Sphl site 
P4F GGGGTACCCCAGCCCACCAGCTCCGTAAGT pAL5000, nt 4311-4334,5' 
non-homologous KpnI site 
P4R GGGGTACCCCGACACCCGCTCCCCAATTGC pAL5000, nt 1076-1099 
(complementary), 5' non- 
homologous KpnI site 
-21MI3 TGTAAAACGACGGCCAGT Universal forward sequencing 
forward primer (ABI) 
M13 CAGGAAACAGCTATGACC Universal reverse sequencing 
reverse primer (ADI) 
2.2.2 Construction of a thermosensitive mycobacterial shuttle vector 
The sequence of the region identified by (Stolt and Stoker, 1996b) for pAL5000 
replication was used to design oligonucleotide primers P4F and P4R containing 5' 
non-homologous KpnI recognition sites. These primers were used to generate a 1.6 kb 
DNA fragment by PCR, using the thermosensitive vector pCG59 as the template. 
Reaction conditions consisted of an initial denaturation step at 95*C for 2 minutes, 
followed by 35 cycles with denaturation at 95T, primer annealing at 58T and 
extension at 72"C each for I minute. The final cycle was extension at 72"C for 3 
minutes. Taqplus DNA polymerase (Stratagene) with proof-reading activity was used 
to minimise errors. As a positive control, the 1.6 kb fragment was also PCR-amplified 
' Non-homologous regions are underlined, with restriction enzyme recognition sites in bold. 
b pAL5000 nucleotide positions refer to the sequence obtained by Rauzier et al., 1988 (GenBank 
accession number M23557) 
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under identical conditions using the wild-type pAL5000 as the template. The 
thermosensitive mycobacterial-Ecoli shuttle vector, pUS1843, was constructed by 
insertion of the 1.6 kb origin as a KpnI fragment into the same site in pUC19 (anti- 
clockwise orientation), along with the aph gene from TOO into the PstI site (see 
figure 2.1). The wild-type, positive control mycobacterial-E. coli shuttle vector, 
pUS 1834, was created identically. All cloning was performed in E. coli DH5(x. 
2.2.3 Thermosensitivity test of mycobacterial shuttle vector 
To determine the thermosensitivity of the plasmids constructed, the 
methodology employed by Guilhot et al. (1992b) was applied. Plasmids were 
introduced into M. smegmatis mc 2 155 by electroporation. Cells were recovered at 
30'C for 4 hours in nutrient broth and transformants selected on kanamycin agar 
plates at the same temperature for 7 days. Single colonies were used to inoculate 5 ml 
of kanamycin-supplemented nutrient broth and grown to saturation at 30'C for 3 days. 
At 24 hour intervals, duplicate cultures were diluted 1: 100 in antibiotic-free nutrient 
broth and grown at 30'C and 39'C. Growth and dilution of cultures was repeated 
every 24 hours, over 4 days at the respective temperature. Cell viability was measured 
at each 24 hour interval by plating appropriate dilutions of cultures onto selective 
(kanamycin) and non-selective nutrient agar plates followed by incubation at 30"C 
and 391C for 5 days. 
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2.2.4 Construction of IS61 10 composite transposons 
IS6110 was amplified from the bacteriophage X clone, designated A3, 
possessing IS6110 from a gene library of M. tuberculosis isolate 50410 (TB 
Reference Unit, Dulwich Hospital, London (Zainuddin and Dale, 1989)). Primers 
were designed with homology to the initial 13 bases of the left inverted repeat end on 
the coding strand, and to the final 13 bases of the right inverted repeat end on the 
complementary strand of IS6110. Both these 13 bp sequences are identical, thus a 
single primer could be used for PCR-amplification of the element. Primer PI was 
used to amplify an IS6110 fragment with terminal Xbal sites and primer P2 was used 
to amplify a fragment with terminal SphI. Reaction conditions consisted of an initial 
denaturation step at 95'C for 2 minutes, followed by 35 cycles with denaturation at 
95'C, primer annealing at 641C for PI or 58"C for P2, and extension at 72'C each for 
I minute. The final cycle was extension at 721C for 3 minutes. Taqplus DNA 
polymerase (Stratagene) with proof-reading activity was used to minimise errors. 
IS61 10 was cloned into vector pUS 1843 on a Xbal site in a clockwise and anti- 
clockwise orientation to generate plasmids pUS1844 and pUS1845 respectively 
(figure 2.4). The second copy of IS6110 was inserted into plasmids pUS1844 and 
pUS1845 on a SphI site generating composite transposons with the IS6110 copies 
flanking the aph gene in all four possible orientations. The resulting plasmids were 
designated pUS 1846, pUS 1847, pUS 1848 and pUS 1849 (figure 2.5). All cloning was 
performed in E. coli DH5(x. 
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2.2.5 Transposition Assay 
Individual M. smegmatis colonies harbouring the composite transposon vectors 
were grown in 5 ml of kanamycin-supplemented nutrient broth at 30'C for 72 hours. 
Cultures were diluted 1: 100 in 5 ml antibiotic-free medium at 24 hour intervals over 4 
days at 39'C. Various dilutions of cultures were inoculated onto selective 
(kanamycin) and non-selective agar plates. Colonies were scored after 7 days at 391C. 
These colonies, representing putative transposition products, were individually grown 
in 10 ml kanamycin-supplemented nutrient broth at 391C for 2 days to isolate total 
cell DNA. Total DNA samples were BamHI-digested, electrophoresed through a 
1%(w/v) agarose gel and transferred onto a positively charged nylon membrane. 
Southern hybridisation analysis, with the appropriate digoxygenin-labelled probe, was 
used to detect any transposition products present. 
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'23 A EsULTS . 1. 
2.3.1 Thermosensitivity analysis of plasmid pUS1843 
A thermosensitive mycobacterial-E. coli shuttle vector was constructed 
containing the thermosensitive 1.6 kb mycobacterial. origin of replication from pCG59 
(Guilhot et al. 1992b) and the kanamycin-resistance gene (aph) from TOO (figure 
2.1). The thermosensitivity of plasmid pUS1843 (1.6 kb thermosensitive origin) was 
compared to the original thermosensitive vector pCG59, harbouring the entire mutant 
pAL5000 origin of replication. The plasmid pUS 1834 containing the cloned wild-type 
1.6 kb mycobacterial origin was also tested alongside pUS933 (Dellagostin et al. 
1995), a vector possessing the entire wild-type pAL5000 origin of replication and the 
aph gene. All constructs and controls were used to transform M. smegmatis mc2155 
and similar frequencies ranging from 2.2 x 104 to 8.8 X 104 transformants gg" plasmid 
DNA were obtained. This supports the data by Stolt and Stoker (1996b), indicating 
that only the 1.6 kb region of pAL5000 is sufficient for effective plasmid replication 
in M. smegmatis. 
The thermosensitivity of pUS1843 was compared with pCG59 by monitoring 
the stability of kanamycin-resistance for M. smegmatis cells transformed with these 
vectors at the restrictive (39"C) and non-restrictive (30'C) temperatures over a4 day 
period of 24 hour sub-culturing in non-selective broth. The results are displayed in 
I figure 2.2 along with parallel studies using the control wild-type plasmids. The 
percentage of kanamycin-resistant cells is expressed as a fraction of cell viability 
counts on selective media by the cell viability counts on non-selective media. The 
graphs represent the mean of five independent experiments for each plasmid. 
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The results demonstrate that the number of M. smegmatis cells containing the 
recombinant vector pUS 1843 decreased by an order of almost 10-6 when the 
incubation temperature was raised from 30'C to 39"C. This is in accordance with the 
original data obtained by Guilhot et al. (1992b) for plasmid pCG59. However, in this 
study, plasmid pCG59 only decreased by an order of 10,5 when incubated at the 
restrictive temperature (39'C). This may be an artefact of the experiment as the 1.6 kb I 
thermosensitive origin (PCR-amplified from pCG59) in pUS 1843 displayed a level of 
thermosensitivity comparable to the published data (Guilhot et al. 1992b). 
M. smegmatis cells harbouring control plasmid pUS 1834 (wild-type 1.6 kb 
mycobacterial origin of replication) displayed no significant loss of kanamycin- 
resistance on incubation at 39'C. In this case, the percentage of kanamycin-resistant 
cells possessing pUS1834 remained between 97-100% over the 4 day period. This 
confirms that the decrease in the number of cells possessing the thermosensitive 
plasmid, pUS 1843, is due to the presence of the 1.6 kb thermosensitive mycobacterial 
origin of replication, and not due to general instability of the plasmid construct. 
Therefore, pUS1843 has the potential to be used as an effective conditionally- 
replicative vector to study transposition of IS6110 in M. smegmatis. 
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Figure 2.2: A) Stability of thermosensitive vectors pUSl 843 and pCG59 at 30'C and 
39'C over 4 days. B) Stability of wild-type control plasmids pt IS 1834 and pt IS933 at 
30'C and 39'C over 4 days. The graphs represent the mean of' live independent 
experiments for each plasmid. 
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2.3.2 Sequence analysis of PCR-amplified IS6110 and construction of 
IS61 10 composite transposons 
The insertion sequence known as IS61101 IS986 was initially identified by 
Zainuddin and Dale (1989). The IS element has been independently sequenced by 
Thierry et al. (1990), designated IS6110 and by McAdam et al. (1990), designated 
IS986. A similar element has also been sequenced from M. bovis BCG and designated 
IS987 (Hermans et al. 1991). These sequences are all thought to be identical, with the 
differences attributed to sequencing effors. 
IS6110 was PCR-amplified from a bacteriophage X gene library of M. 
tuberculosis, isolate 50410 (Zainuddin and Dale, 1989) and sequenced in order to 
verify the sequence of the element obtained. PCR-amplified IS6110 insertion 
sequences were cloned into pUC18 and sequenced using the universal forward and 
universal reverse primers. A comparison of the sequence data obtained with that of 
the published sequences of IS6110 (GenBank X17348), IS986 (GenBank X52471) 
and IS987 (GenBank X57835) shows that the IS6110 elements amplified in this study 
are identical to that of the published IS987 sequence (figure 2.3). This is in agreement 
with the studies by Dale (pers. comm. ) indicating that the previously published 
IS6110 and IS986 sequences are incorrect, and that these three IS element are 
identical. The IS6110 sequences identified from the M. tuberculosis genome 
sequencing project are also identical to the IS6110 sequences obtained in this study, 
and can be accessed from the world wide web 
(www. sanger. ac. uk/Projects/M__tuberculosis/). The presence of the 3 bp mismatch 
between the left (IRL) and right (IRR) terminal inverted repeat was also confirmed 
from the sequence data and is displayed in figure 2.3. 
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IS6110 .......... 
IS986 .......... 
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IS986 .... A. A ............. 
270 
: :, f: ";, '! Vý , .,., ;,; 11 .11 
IS987 ATTAC(, (. (-, GTT 
IS6110 
.... A ...... 
IS986 
........... 
380 
ORFn 
ORFI, 
ýCAT(; T(* ',;,; i V; i, \, ., I" 
28 1328 13% 
IRL IRR 
reverse compIcnictitar)l sLquencc 
Figure 2.3: A Comparsion ofthepublished sequences ol'IS987, I S6//Oand IS 986 with tile 
sequences of the PCR amplified IS6/10 elements used in this study (shown ill purple). 
Sequencing was performed once using the Universal forward and reverse sequencing 
primers for two IS6110 fragments arnplified and cloned into pt V vectors. Chronlatographs 
of the regions of discrepancy between sequences is displayed. Identical sequences were 
obtained for both fragments but only one is presented here. Both are identical to the 
published IS 987 sequence (Hermanselal., 1991) in agreement with tile resuitsobtained by 
Dale (pers. comm. ). The 3 bp mismatch between the left (IRL) and right (IRR) inverted 
repeats is displayed in red. The numbering refýrs to the IS98/1 sequence, except tile 
numbering on chromatographs, which refers to the position from tile pt V based sequencing 
primers. 
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Figure 2.41: IS6110 was PCR-amplified using primer P] and inserted into the Xhal site of 
vector pUS 1843 in clockwise and anti-clockwise orientations, resulting in vectors pl IS 1844 
and pUS 1845 respectively. 
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The PCR-amplified IS6110 was subsequently used in the construction of 
composite transposons in the thermosensitive vector pUS 1843, in order to examine 
transposition of the IS element. A single copy of the PCR-amplified IS6110 element 
was inserted into plasmid pUS 1843 in clockwise and anti-clockwise orientations to 
create vectors pUS1844 and pUS1845 respectively (figure 2.4). A second copy of 
IS6110 was then inserted into pUS1844 and pUS1845 to generate composite 
transposons with the IS6110 copies flanking the aph gene in all four possible 
orientations, with respect to the aph gene. These artificially constructed composite 
transposons were designated PUS 1846, PUS 1847, PUS 1848 and PUS 1849 (figure 
2.5). 
2.3.3 Transposition assays of IS6110 
To demonstrate transposition of IS6110, the thermosensitive E. coli- 
mycobacterial shuttle vectors constructed were separately introduced into M. 
smegmatis mc 2 155 by electroporation. Plasmids pUS1846, pUS1847, pUS1848, and 
pUS1849 possessing composite transposons, with two copies of IS6110 flanking the 
aph gene in all four possible orientations (with respect to the aph gene) were tested 
alongside pUS1845 (single copy of IS6110) in the transposition assay. Plasmid 
pUS 1843 lacking an IS element was used as the negative control. The plasmid 
pUS903(ts) was also tested (figure 2.8A). This vector was based on pUS903 
(Dellagostin et al. 1993), possessing an artificially constructed IS900 composite 
transposon with the aph gene and the 1.6 kb thermosensitive mycobacterial origin of 
replication. The ability to detect transposition of IS900 was examined in this assay, as 
the mobility of this IS element was previously demonstrated in M. smegmatis at 
relatively high frequency (Dellagostin et al. 1993; England et al. 199 1). 
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M. smegmatis clones harbouring the relevant vectors were cultured at the non- 
restrictive temperature, 30'C, for 72 hours in kanamycin-supplemented media. After 4 
days of subculturing every 24 hours in non-selective broth at the restrictive 
temperature, 39'C, appropriate volumes of cultures were plated onto kanamycin- 
supplemented agar and incubated at 39C for a further 7 days. The colony forming 
units (cfu ml") obtained for each vector for 12 independent assays is displayed in 
table 2.2. 
Table 2.2: Number of M. smegmatis cfu ml" at 39"C arising from transposition assay. 
Standard deviations are displayed in parenthesis. 
Kanamycin media Non-selective media 
pUS 1843 3.83x 102 (±38.6) 3.02x 107 (±1.26x 106) 
pUS 1845 3.82x 102 (±51.1) 2.04x I Cý (±1.4 IX106) 
pUS 1846 1.55XI03 (±115) 2.45xlCý (±2.1 IX106) 
pUS 1847 1.44x 103 (±102) 3.29x I Cý (± 1.17x 106) 
pUS 1848 1.30X 103 (±127) 3.16x 107 (±3.29x 106) 
pUS 1849 2.40x 101 (±I 1.3) 1.84xlCý (±1.3 1X 106) 
pUS903(ts) 6.65x 102 (±109) 2.80XICý (±2.09xlO6) 
The cfu ml" observed on kanamycin plates for cultures harbouring the vector 
pUS 1843 is indicative of the background level of extrachromosomal plasmid 
persisting within the cells. Strains containing vector pUS 1845 (single copy of IS61 10) 
showed no increase in colony number as compared to the background level. 
Approximately 3 to 4 times as many colonies were observed for all cultures 
possessing composite transposon vectors as compared to the background level. The 
only exception was for cultures harbouring pUS 1849 where the cfu ml" obtained fell, 
in every case, approximately 10 to 15 times below the background level. 
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Total DNA samples were extracted from colonies obtained on selective media 
from all cultures. All samples were BamHI digested, except for samples derived from 
the strain tested with pUS903(ts) which were PvuH digested, and examined by 
Southern blot analysis. Blots were probed with the entire DIG-labelled, PCR- 
amplified IS61 10 element and the DIG-labelled plasmid pUS 1843 separately. 
All samples derived from strains tested with a single copy of IS6110 and with 
all composite transposons revealed bands identical in size to the bands observed from 
the appropriate purified plasmid controls. This result was observed when using both 
the IS6110 and pUS1843 probes. A representative Southern blot of samples obtained 
from a strain tested with the composite transposon vector, pUS 1847, and probed with 
the entire IS6110 fragment only, is presented in figure 2.6. Bands were observed of 
sizes 4780 bp, 2630 bp and 895 bp in all samples tested (figure 2.6 lanes 3-12). Bands 
of identical size were also observed for the control sample of purified plasmid (figure 
2.6 lane 2). This is indicative of the presence of extrachromosomal plasmid in all 
samples examined. IS6110 mediated transposition events were not observed in any of 
the samples analysed from all the vector constructs tested in this assay. 
Putative integration events were detected in one assay only, for cultures tested 
with pUS1848. The number of kanamycin-resistant colonies obtained for this assay 
was 2.38X 103 cfu ml-1, twice the level normally observed for the strain tested with 
pUS1848. The Southern blot analysis of these samples is presented in figure 2.7A. 
Total DNA samples from the discreet pUS1848 putative transposition products were 
also used to transform E. coli DH5(x. Kanamycin-resistant E. coli colonies were only 
obtained at a frequency of 6.3xI 07 transformants gg*l DNA from samples 
corresponding to lanes 6 and 7 in figure 2.7A. This suggests that these two samples 
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Figure 2.6: A) Southern blot analysis ofBaml II digested, total DNA samples from single 
colonies arising from M. smegmalis mc2155 tested with vector pt JS 1847 in the transposition 
assay. The entire PCR-generated, DIG- labelled IS6/10sequenee was used asa probe. Lane 
M is marker X/Hindill, lane I is untransilormed Al. smegmalis genomic DNA, lane 2 Is 
purified plasmid pUS 1847 and lanes 3-12 are total DNA samples frorn discreet colonies 
arising from the transposition assay. B) Vector map ofpUS1847 displaying the region of 
hybridisation to the IS6110 probe (purple stripes) and position ofBaml 11 sites giving rise to 
the bands of the observed sizes (shown in blue). 
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Figure 2.7: A) Southern blot analysis of putative transposition products with vector 
2 
pUS 1848 tested in M. smegmalis mc 155. Lane M is k/ IfinAll marker, lane I IS tile pUritied 
plasmid digested with BamIll, lane 2 is BamIll digested genoinic DNA from Lintransl'ortiled 
M. smegmalis mc2155 and lanes 3-18 are Bamill digested total DNA samples froill single 
colonies obtained from transposition assay. A(I) shows samples probed with the entire 
fragment of PCR-generated, DIG-labelled IS61/0. A(II) shows samples probed with DIG- 
labelled pUS 1843. B) Possible structures of integration products resulting frorn transposition 
of a native M. smegmalis IS-elernent (IS1096) into tile mycobacterial origin of vector 
pUS1848 forming a cointegrate. The regions ofhybridisation ol'probes IS6110(purple) and 
pUSI843 (grey) is displayed, alongside fragment sizes obtained from hybridisation with 
each particular probe. B(I) Proposed structure of integrants froin lanes 3,8,10,11,12,16, 
17, and 18. B(II) Proposed structure ofintegrants from lanes 4,5,9,13,14,15. Lanes 6 and 7 
are extrachromosomal plasmid. 
53 
Chapter 2: Construction qf Replicative Vectors to Demonstrate Transposition qf 1,56 110 
possess extrachromosomal plasmid and that all the other samples examined are the 
result of an integration event. 
Hybridisation with the IS6110 probe revealed bands of sizes 3039 bp and 487 
bp, which were conserved among the samples, and one band which varied in size 
(4780 bp or 4300 bp) as displayed in figure 2.7A(I). Reprobing the blot with pUS 1843 
resulted in hybridisation to all the bands which previously hybridised to the IS6110 
probe, except the 487 bp band, as expected, as this fragment corresponds entirelY to 
IS6110 sequence. However, probing with pUS1843 also revealed an additional band 
of each of the variable sizes, 2300 bp or 2800 bp, as presented in figure 2.7A(II). 
However, the pUS 1848 integrant clones did not appear to have been generated by 
transposition of IS6110, since in each case the variable extra band identified 
hybridised to the pUS 1843 probe. If transposition had occurred, then the transposon 
end/ chromosomal DNA junctions should have given rise to two bands of variable 
size that would hybridise to IS6110 but not to the parental vector, pUS 1843. 
A possible explanation for these integration events may be illegitimate 
recombination via the pUC19 or mycobacterial origin of replication regions of the 
vector pUS 1848. Alternatively, the integrants observed may have resulted from 
transposition of a native M. smegmatis IS element into the pUC19 or mycobacterial 
origin of replication regions of the vector pUS1848, forming a cointegrate structure. 
The numbers of similar events observed are likely to be clonal rather than 
independent integration events at the same site. 
For strains tested with the positive control vector, pUS903(ts), Southern blot 
analysis revealed the presence of two types of integrative events from the ten random 
colonies examined, with only one sample possessing extrachromosornal plasmid 
(figure 2.813). Hybridisation with a PCR-amplified, 600 bp DIG-labelled probe 
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derived from the left end of IS900 (named IS900L), detected two bands in 8 of 10 
samples presented in figure 2.8B(I), lanes 3,4,6-9 and 11-12. The 897 bp band 
corresponds to the internal region of the IS900 composite transposon and the other 
band, approximately 1400 bp in size, corresponds to a chromosomal junction. The 
samples in these lanes probed with the entire DIG-labelled vector, pUS903(ts), 
revealed four bands in total, of which two bands did not hybridise with the IS900L 
probe. This is displayed in figure 2.8B(II). The two new bands detected correspond to 
the remaining internal fragment of the composite transposon (2125 bp) and the 
opposite IS900 chromosomal junction (approximately 4000 bp). No band of the size 
corresponding to the vector backbone was observed when probed with pUS903(ts), 
indicating loss of vector including the mycobacterial origin. This banding pattern is 
suggestive of a simple cut-and-paste type IS900 mediated transposition event, 
presented in figure 2.8C (II). All samples displaying this type of integrative event 
were identical. These are likely to be clonal, rather than independent integration 
events into the same site. 
In I of the 10 samples, the presence of an alternative type of integration event 
was detected (figure 2.8B, lane 5). Using the entire pUS903(ts) probe, bands were 
identified of sizes 4626 bp, 2125 bp, 958 bp and 897 bp corresponding to the entire 
pUS903(ts) vector sequences, plus two bands of approximate sizes 6500 bp and 2300 
bp, corresponding to chromosomal junctions. Three of these bands hybridised to the 
IS900L probe, two corresponding to the internal vector fragments (958 bp and 897 
bp) and the other corresponding to one of the chromosomal junctions (6500 bp). The 
banding pattern is suggestive of a cointegrate structure arising from the replicative 
transposition of one copy of IS900. This results in integration of the vector containing 
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the transposon plus one additional copy of IS900 into the chromosome. The 
cointegrate structure is illustrated in figure 2.8C (I). 
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Figure2.8: A) Plasmid mapof plasmidpUS903(ts) displayingPvull sites. B) Southern blot analysis ol'Ivull -digested, 
total-DNA samples from single colonies arising from IS900 transposition assay. Lanc M is k/1-lindIll marker, lane I is 
untransformed M smegmatis mc2155, lane 2 is purified plasmid pUS903(ts) and lanes 3-12 are putative transposition 
products. B(l) is probed with a DIG-labelled, 600 bp PCR-generated fragment to the left (5') end of'IS900 and 13(11) is 
probed with the entire DIG-labelled pUS903(ts) plasm id. C) Possible structure of IS900mediated integrants. Fragment 
sizes observed from hybridisation with each particular probe is given, as well as the position of'the IS9001. probe. C(l) 
Proposed cointegrate structure for lane 5 sample. Q11) Proposed structure for all other samples. Lane 10 shows extra- 
chromosomal plasmid pUS903(ts). 
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2AIDI'S'CUSSION, 
2.4.1 General discussion 
The transposition assay using a thermosensitive plasmid replicon was unable to 
detect transposition of IS6110 in M. smegmatis. The absence of transposition of 
IS6110 may be explained by the limitations of this particular assay. The background 
level of extrachromosomal plasmid after 4 days of 24 hour subculturing in non- 
selective media has been shown to be around 0.00 1% in this study. If transposition is 
occurring, it must be at a level lower than the background, thus difficult to detect. The 
24 hour subculturing in non-selective broth was performed over 4 days to reduce the 
level of extrachromosomal plasmid, therefore increasing the probability of detecting 
low frequency transposition events. 
Although no IS6110 mediated transposition was observed, the transposition of 
IS900 was detectable using the assay in this study. Integration events resulting from 
conservative and replicative transposition of IS900 were observed, as expected. Both 
types of IS900 mediated integration events detected in this study have also previously 
been detected by England et al. (1991) and Dellagostin et al. (1993). However, all of 
the conservative insertions observed were identical. Although IS900 is known to have 
target site specificity, this is unlikely to be the cause of the phenomenon observed. A 
more likely explanation, is due to divisions following an initial transposition , event 
that was amplified considerably over the course of 24 hour subculturing in non- 
selective media. Such a phenomenon has been reported for IS6100 by Smith and 
Dyson (1995) after daily subculturing in non-selective media at the restrictive 
temperature. In this study, 24 hour subculturing in non-selective media was performed 
over 4 days thus considerably increasing the probability of obtaining large numbers of 
clonal integration events. 
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The presence of an IS6110 composite transposon appears to increase the 
persistence of thermoresistant plasmids, as observed by the increase in colonies above 
that of the background level (negative control pUS1843). However, a single copy of 
IS6110 produced thermoresistant colonies comparable with the background level, 
hence this phenomenon must require the presence of two copies of IS6110. 
It is unknown why colonies from pUS 1849 should be consistently observed at a 
frequency considerably less than background. A possible explanation may be the 
occurrence of homologous recombination between the two IS6110 elements, present 
as direct repeats, excising the aph gene in the persisting plasmids. However, such a 
phenomenon was not observed for pUS1847 which also has IS6110 present as direct 
repeats, but in the opposite orientation. 
Putative integration events were detected for the strain tested with pUS 1848, but 
did not involve transposition of IS6110. Instead, integration of the plasmid into the M. 
smegmatis chromosome appeared to have occurred via the plasmid backbone. Such 
events were rare and only detected in one assay. A possible explanation for this is 
illegitimate recombination, which can give rise to such non-specific integration 
events. It has been reported by Kalpana et al. (199 1) that illegitimate recombination in 
M. smegmatis is so low that it does not occur at observable frequencies. However, it 
has been suggested that the frequency of illegitimate recombination may be increased 
by the presence of an insertion sequence (McFadden, pers. comm. ). An alternative 
explanation for these integration events, is the transposition of a native M. smegmatis 
IS element into the plasmid backbone of vector pUS 1848, resulting in the formation 
of a cointegrate. Among the known M. smegmatis insertion sequences, IS1096 
appears to be a likely candidate to mediate the integration events observed. ISI096 is 
of the correct size (2275 bp), with a single BamHI site, to produce fragments of the 
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sizes observed by Southern blot analysis. A hypothesised structure of the integration 
events observed is illustrated in figure 2.7B. The two distinct products observed relate 
to different positions of integration in the vector backbone. The point of integration 
may be in the region of the mycobacterial origin of replication (as shown in figure 
2.7B), but is equally likely to have occurred within the pUC19 sequence. The 
identical integrants observed are likely to be clonal rather than independent events. 
Also, since performing these assays, it has been suggested that a restrictive 
temperature of 420C increased the rate of plasmid loss after only 1 day of subculture 
in non-selective media, followed by selection on kanamycin plates. However the 
levels of persisting free plasmid does not significantly differ after 4 days of 
subculturing at 42'C from that observed after 4 days of subculturing at 39"C (Guilhot, 
pers. comm. ). An alternative method to increase plasmid loss for these 
thermosensitive vectors is by incorporation of the sacB gene, with counterselection on 
sucrose containing media at the restrictive temperature (Pelicic et al. 1997). However, 
such a system would not be appropriate for this study as any unresolved cointegrates 
would be counterselected. 
The inability to detect transposition of IS6110 may be due to the IS element 
transposing at an undetectable level within M. smegmatis using this assay. This could 
be as a result of the background level of extrachromosomal thermoresistant plasmid. 
However the assay is sensitive enough to detect transposition of Tn611 (Guilhot et al. 
1994) and IS900. To decrease the level of background plasmid, further subculturing in 
non-selective media increased the risk of clonal integration events thus questioning 
the usefulness of this assay to detect low frequency transposition. Therefore an 
alternative assay needs to be employed utilising the thermosensitive vectors to detect 
very low levels of random, transposition mediated integration events. 
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3.1 INTROD C ION ýp T,, I, ý', xý " ýý , '.., 1. ., -k 
3.1.1 General introduction 
The study of mobile genetic elements requires the use of an effective 
transposition assay capable of detecting large numbers of the otherwise rare 
transposition events. In the study of mycobacterial insertion sequences, the common 
delivery systems have included non-replicating suicide vectors, for example IS6110 
(Fornukong and Dale, 1993), IS900 (Dellagostin et al. 1993; England et al. 199 1) and 
IS1096 (McAdam et al. 1995). The problem arising from the use of non-replicating 
vectors is the small number of transposition products obtained, unless the IS element 
used transposes at a particularly high frequency. In order to generate a large number 
of transposition events, the use of conditionally replicating vectors have been 
employed as transposon delivery systems. Such a system is the thermosensitive 
mycobacterial replicon which is capable of replication at 30"C but not at 39"C 
(Guilhot et al. 1992b) and has been successfully utilised to generate large numbers of 
Tn6ll transposition products in M. smegmatis (Guilhot et al. 1994). 
Current use of a thermosensitive replicon has involved culturing of cells in 
selective media at the permissive temperature (301C), followed with subculturing in 
non-selective broth at the restrictive temperature (39'C) and selection of putative 
transposition products on selective plates. However, initial transposition events are 
amplified by subsequent subculturing, resulting in the generation of a large number of 
clonal transposition products. 
An alternative method for selection of transposition products utilising 
replicative vectors is the papillation assay. Such an assay has been successfully used 
for the study of IS903 in E. coli where transposition was detected by the 
reconstitution of an inactive IacZ gene observed by small blue colonies (papillae) 
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growing out of a white mother colony (Derbyshire and Grindley, 1996). A papillation 
assay has also been successfully used to demonstrate transposition of the M. fortuitum 
insertion sequence, IS6100, in Streptomyces lividans (Smith and Dyson, 1995). This 
involved the use of a thermosensitive replicon as the transposon delivery vehicle. 
Colonies harbouring the vector were grown at the permissive temperature on selective 
plates and subsequently transferred to the restrictive temperature, preventing further 
colony growth. Transposition resulted in integration of the vector into the 
chromosome and hence loss of thermosensitivitY of the particular cell. Such events 
were observed by papillae growing out of the mother cell. 
The common advantage of these papillation assays is that they are capable of 
gener4itng a large number of independent transposition events within a colony, by 
visual inspection and without the risk of clonal events. 
3.1.2 Alms 
The use of a subculturing assay had previously failed to detect transposition of 
IS6110 in M. smegmatis (this study, see chapter 2). Daily subculturing in non- 
selective broth at the restrictive temperature (39'C) did not reduce the level of 
background extrachromosomal plasmid which may have masked any rare integrative 
events. Also, the risk of obtaining clonal events was a problem. Therefore, to 
overcome these problems a papillation assay was employed. This utilised all the 
thermosensitive vectors harbouring IS6110 described in chapter 2 of this study. To 
maximise the possibility of isolating rare, independent transposition events a lawn of 
cells was used for the visual detection of papillae. 
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3.2 MATERIALS "AN P. METfjPPS' 
3.2.1 Oligonucleoticle primers 
Primer I Sequence (51-3') Details' 
IntB CTGCCGACCCGGAACGTGGACGGACTC pAL5000, nt 416-437 
IntRev TGCGCGCTGCGCCCTTCCGCGAGATGG pAL5000, nt 632-658 
(complementary) 
Mori-I GGTACATCGAGGCGAACCCAACAGC pAL5000, nt 4748-4772 
P413 GGGGTACCCCAGCCCACCAGCTCCGTAAGT pAL5000, nt 4311-4334 
P4R GGGGTACCCCGACACCCGCTCCCCAATTGC pAL5000, nt 1076-1099 
(complementary) 
3.2.2 Papillation assay 
M. smegmatis mc 2 155 transformants possessing the appropriate thermosensitive 
vectors were grown to saturation in 5 ml kanamycin supplemented nutrient broth at 
the permissive temperature (30'C) for 3 days. Neat culture samples of 200 gl were 
spread onto kanamycin supplemented nutrient agar plates and incubated at 301C for a 
further 3 days to produce a confluent lawn of cells. At this stage the plates were 
sealed and transferred to the restrictive temperature (390C) to prevent further growth 
p 
of the lawns. Putative transposition products, observed as small colonies (papillae) 
growing out of the lawns were scored over a period of time up to 100 days. Individual 
papillae were grown in kanamycin supplemented nutrient broth at 39"C for 2 days to 
isolate total cell DNA. To detect putative transposition products, samples of DNA 
were BamHI digested and analysed by Southern hybridisation, with the appropriate 
digoxygenin-labelled probe. 
a pAL5000 nucleotide positions refer to the sequence obtained by Rauzier et al., 1988 (GenBank 
accession number M23557) 
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3.3.1 Papillation assay to detect transposition of IS61 10 
In an attempt to detect a large number of independent transposition events of 
IS6110 in M. smegmatis, a papillation assay was employed. M. smegmatis MC2 155 
strains separately harbouring thermosensitive vectors pUS 1846, pUS 1847, pUS 1848 
and pUS1849 (two copies of IS6110 flanking the aph gene in all four orientations, 
with respect to the aph gene) alongside vector pUS 1845 (single copy of IS6110) were 
tested (see chapter 2, figure 2.5). The strain possessing vector pUS1843, lacking any 
ISGIO sequences, was used as the negative control. All strains were grown in 
selective broth at the non-restrictive temperature (301C) to a mean culture density of 
3.07xW cfu ml-1 (±6.57xl 06) These cultures were inoculated onto kanamycin plates 
at 30"C, with an approximate mean density of 6.14xlO 6 cfu 200 gl'I. The plates were 
then transferred to t Crestrictive temperature (39"C) at which point the lawns of cells 
stopped growing. 
The number of papillae observed over a period of 100 days, from the time of 
transfer to the restrictive temperature (day 0), is displayed in figure 3.1. Each 
construct was tested in triplicate and the assay repeated 7 times. Papillae growing out 
from the lawns were first observed between 5 to 8 weeks of incubation at 39"C and 
increased in frequency thereafter up to 100 days for all vector constructs tested. 
Typically, a maximum of 400 t? 500 papillae were observed which resulted in severe 
crowding on the plates. In all repetitions of the assay, the frequency of papillae for 
pUS1843 (negative control) ranged from 0 to 6 per lawn throughout the duration of 
the experiment. From the average number of cells per lawn, 6.14X 106, the frequency 
of papillae arising for M. smegmatis tested with pUS 1849 for the duration of this 
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experiment was approximately 6.63x 10-5. For the negative control strain (pIJS 1843). 
papillae were observed at a frequency of :! ý 9.77x 10-7. Hence the presence of IS6//0 
considerably increases the appearance ot'papillae in this assay. 
To examine the viability of the lawn cells after prolonged inCUbation (6 weeks) 
at the restrictive temperature. lawn cells were streaked onto kananlyein and non- 
selective plates, and incubated at both the permissive (30'C) and restrictive (39'C) 
temperatures. Growth of M. smegmalis cells was evident on non-selective plates at 
both temperatures and on kanamycin plates at 30'C. Very little growth was observed 
on kanamycin plates at 39'C. This may have been due to tile presence of* cells which 
had lost thermosensitivity and hence were capable of growth on kanamycin plates at 
39'C. These cells may eventually have formed papillae on the Al. sineginalis lawn. 
This data suggests that the lawn cells are still viable but in a non-growing state, with 
kanamycin exerting a bacteriostatic effiect. 
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Figure 3.1: Frequency of papillae growing Iýom lawns of M. smegmalis at tile 
restrictive temperature (39'C) over a period of 100 days. The lines plotted correspond 
to different transformants tested with the various IS6/10 thermosensitivc vectors. 
Plasmid pUS1843 is the negative control, lacking any IS6/10 sequences. Each 
construct was tested in triplicate and the assay was repeated 7 times. 
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To test for the presence of transposition events, total DNA was extracted from 
discrete papillae appearing between 7 to 10 weeks, BamHI digested and examined by 
Southern blot analysis. A number of papillae from all constructs were examined. The 
results of Southern blot analysis from the strain possessing pUS 1849 is presented here 
in figure 3.2. Hybridisation with the PCR-generated, complete IS6110 probe, revealed 
the presence of multiple bands including fragments of sizes 5189 bp, 2630 bp and 486 
bp, corresponding to the bands detected for the purified plasmid control, in all 
samples. Stripping and rehybridisation of the membrane with the PCR-generated, 1.6 
kb mycobacterial origin (myco-ori) probe, disclosed further multiple bands of varying 
size, without the loss of any fragments that hybridised to IS6110. The probe did not 
hybridise to the 486 bp fragment which consisited exclusively of IS6110 sequence, as 
expected. These results indicate the presence of extrachromosomal plasmid, and are 
also suggestive of the presence of possible insertional rearrangements within the 
plasmid backbone due to the appearance of extra bands uniquely hybridising to the 
myco-ori probe, other than the expected 5189 bp fragment. If IS6110 mediated 
transposition had occurred, then the transposon end/ chromosomal DNA junctions 
should have given rise to two bands of variable size that would hybridise to IS6110 
but not to the myco-ori probe. Southern blots displaying similar patterns were 
observed from all constructs examined, however no IS6110 mediated transposition 
was evident. Also, all papillae analysed appeared to be heterogeneous, possibly the 
. r-1- - 
result of independent rearrangements occurring in multiple cells which grew and 
fused to form the papillae observed. 
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3.3.2 Analysis of rescued plasmids from papillation assay 
Extrachromosomal plasmids were rescued from papillae arising from M. 
smegmatis tested with vector pUS1849 in the papillation assay. Intact, total DNA 
from all samples in figure 3.2 were used to separately transform E. coli DH5a. 
Kanamycin-resistant colonies were obtained at an average frequency of 1.03xlO4 
(±7. Ox 102) transformants gg" DNA. Plasmid DNA isolated from discreet E coll 
transformants revealed the presence of vector pUS1849 of expected and altered sizes, 
as observed by agarose gel electrophoresis. Plasmids of varying size were recovered 
from all individual papillae examined, confirming that the papillae were 
heterogeneous. 
The plasmids of observed altered sizes, rescued from papillae corresponding to 
lanes 3,4,6 and 7 in figure 3.2 were KpnI digested and analysed by Southern blotting, 
as displayed in figure 3.3. The KpnI restriction patterns of rescued plasmids observed 
on an agarose gel is presented in figure 3.3A and the bands from this gel, hybridising 
to the myco-ori probe, is presented in figure 3.3B. The position of the Kpnl sites on 
vector pUS 1849, is displayed in figure 3.3C, along with the KpnI restricted fragment 
sizes expected (2738 bp, 2630 bp, 1636 bp and 1301 bp). 
In figure 3.3, clones pUS1849/lii, /5i and /5ii all show restriction fragment 
patterns identical to that of the purified plasmid control, pUS1849 (lanel) with 
hybridisation of the myco-ori probe to only the 1636 bp fragment. The 1636 bp band, 
corresponds to the entire thermosensitive mycobacterial origin of replication, since 
this was originally inserted as a KpnI fragment when constructing the vector 
pUS1849. Clones pUS1849/2i, /2ii, /2iii, Ai and /4ii show identical restriction 
patterns to the pUS 1849 control, except with the loss of the 1636 bp fragment and the 
appearance of a larger fragment. This larger fragment hybridised uniquely to the 
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Figure 3.2: Southern blot analysis of Baml-11 restricted total DNA from discreet papillae 
arising from M. smegmatis lawns harbouring plasmid pUS 1849. Lane M is klffintIl II 
I marker, lane I is untransfromed M. smegmalis mc 155 DNA, lane 2 is purified plasmid 
pUS1849 and lanes 3-12 are DNA from papillae. Fragments of expected sizes are 
displayed in blue. A) FragmentS hybridising to complete IS6110 probe. 13) Mot stripped 
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(purple stripes) and the 1.6kb myco-ori probe (orange stripes). 
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arising from a papillation assay of Al. smegmalis transl'ormed with vector pt IS 1849. Lane 
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myco-ori probe and varied in size between the clones (approximately 3000-4000 bp). 
This suggests the presence of an insertion within the mycobacterial. origin of 
replication, approximately 1300 bp to 2300 bp in size. Clones pUS1849/li and 
pUS 1849/4i show loss of the 1636 bp fragment and the 2738 bp fragment, along with 
the appearance of a band of approximate sizes, 2900 bp (pUS1849/li) and 3600bp 
(pUS1849/4i). Both these larger bands hybridised uniquely to the myco-ori probe. 
This suggests loss of the KpnI site at position 236 (figure 3.3C), along with a deletion 
of approximately 1400 bp (pUS1849/li) and 770 bp (pUS1849/4i) within the new 
fragments identified. 
Further restriction analysis was used to examine the region of rearrangements 
within the rescued clones of vector pUS1849. Clones pUS1849/li, /2i and Aii, 
alongside the control vector pUS1849, were digested with DraI (pUS1849/li) and 
PvuII (pUS1849/2i, /4ii). Restriction fragments obtained were analysed by Southern 
hybridisation using the myco-ori probe followed by stripping and reprobing with the 
entire DIG-labelled pUC 19 vector. Results of Southern analysis of clones pUS 1849/2i 
and pUS1849/4ii are displayed in figure 3.4, and clone pUS1849/li is presented in 
figure 3.5. 
In figure 3.4A, the PvulI digested control vector pUS1849 displayed bands of 
expected sizes, 2654 bp, 2628 bp, 2364 bp and 653 bp, as observed by agarose gel 
elpctrophoresis. The 2654 bp fragment cannot be distinguished from the 2628 bp 
fragment, except by the relative stoichiometry of band intensities observed. The 2654 
bp fragment, possesing the entire mycobacterial origin, uniquely hybridised to the 
myco-ori probe, as expected in the control plasmid pUS 1849. The 2365 bp and 653 bp 
fragments hybridised to the pUC19 probe, with very weak hybridisation to the 2654 
bp fragment, as expected. The Pvull digested plasmids from clones pUS 1849/2i and 
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Figure 3.4: Southern blot analysis of rescued vectors, pUSI849/2i and pUS1949/4ii. 
from two different papillae of M. smegmalis transtlormed with vector pt JS 1849. A)(I) 
Pvull restricted plasmid fragments identified using agarose gel clectrophoresis. (11) 
Bands hybridising to the PCR-generated, DIG-labelled, 1.6kb myco-ori probe. (111) 
Bands hybridising to the entire DIG-labelled pUC19 probe. Lane M is marker 
SPPIlEcoRl (MarkerVII, Boehringer Mannheim), lane I is purified plasmid pUSI 849. 
lanes 2 and 3 are plasmid clones pUSI 849/2i and pUS I 849/4ii respectively. B) Map of 
plasmid pUS1849 displaying Pvull restricted fragment sizes with position of 
hybridisation to the myco-ori (orange stripes) and pUC19 (grey stripes) probes. C) 
Linear map of possible insertion identified within these identical clones. 
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pUS 1849/4ii, revealed bands of sizes 2628 bp, 2364 bp and 653 bp, also observed in 
the control vector pUS 1849, plus 3 additional bands, identical in both clones 
(approximate sizes, 2500 bp 1300 bp and 1000bp). All three novel bands uniquely 
hybridised to the myco-ori probe, in figure 3.4A(II). The 2364 bp and 653 bp 
fragments hybridised to the entire pUC19 probe, as expected, along with the novel 
1000 bp fragment, in figure 3.4A(III). This 1000 bp fragment may include the region 
of the pUC 19 and the mycobacterial. origin junction along with the introduction of an 
extra PvuII site within the mycobacterial origin. The novel 2500 bp band hybridised 
only to the myco-ori probe, and the novel 1300 bp fragment displayed no 
hybridisation to the myco-ori or pUC19 probes. A suggested map of the plasmid 
clones analysed is presented in figure 3.4C. 
In figure 3.5A, the DraI digested control vector pUS1849 displayed bands of 
expected sizes, 3507 bp, 2628 bp, 1453 bp and 692 bp, as observed by agarose gel 
electrophoresis b. The 3507 bp fragment uniquely hybridised to the myco-ori probe, as 
expected. The 3507 bp, 1453 bp and 692 bp fragments only hybridised to the entire 
pUC19 probe, as expected. The DraI digested plasmid clone pUS1849/li revealed 
loss of the 692 bp and 3507 bp fragments, and the appearance of a novel fragment 
approximately 2800 bp in size, presented in figure 3.5A(I). This novel fragment 
hybridised to both myco-ori and PUC19 probes. A deletion of the 692 bp fragment 
corresponding to the bla gene and loss of the DraI site at position 7717 (figure 3.513), 
would give rise to a fragment of size 2815 bp with loss of the 3507 bp fragment. This 
is consistent with the restriction pattern and Southern analysis data observed. The 
presence of a deletion within the bla gene was confirmed by testing the ampicillin- 
b The 19 bp fragment expected was too small to be observed. 
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Figure 3.5: Southern blot analysis of rescued vector pUS 1849/1 i from papillation assay of 
M. smegmatis tested with plasmid ptJS 1849. A)(1) Dral restricted plasmid fragments 
observed by agarose gel electrophoresis. (11) Bands hybridising to PCR-generated, myco- 
ori probe. (III) Bands hybridising to the entire pUC 19 probe. Lane M is marker SIT I ll'A-oRl 
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sensitive phenotype observed of E. coli DHS(x harbouring plasmid pUS1849/li. A 
suggested mapof the plasmid clone pUS 1849/1 i is presented in figure 3.5C. 
The clones pUS1849/li, /2i and /4ii were able to transform competent M. 
smegmatis at frequencies ranging from 1.12x 104 to 4.5X104 transformants gg" DNA. 
Transformants were able to grow at the restrictive temperature (391C), suggesting loss 
of thermosensitivity of the rescued plasmids. In all plasmid clones analysed, the 
restriction fragments with IS6110 sequences were of the sizes expected, suggesting no 
intraplasmid transposition. However, it should be emphasised that papillae were only 
obtained with vectors harbouring IS6110. 
3.3.3 Sequence analysis of mycobacterial origin of replication 
Sequence analysis was performed to identify the rearrangements present within 
the mycobacterial origin from the rescued plasmid clone pUS 1849/2i. The following 
primers were used: P4F, Mori-1, IntB, IntRev and P4R. Figure 3.6A illustrates the 
binding position of all sequencing primers on the 1.6 kb mycobacterial origin of 
replication. Rescued clone pUS1849/2i, sequenced with primers P4F, Mori-1, IntB 
and IntRev unveiled sequence corresponding to the mycobacterial origin of 
replication. However, primer P4R, revealed the presence of an unknown sequence 
suggesting this to be a region of alteration. A NCBI BLAST search revealed the 
unknown sequence to have high homology to the M. smegmatis insertion element 
IS 1096 (Cirillo et al. 1991), diplayed in figure 3.7. The sequenced region of IS 1096 
corresponds to the right end of this IS element. Sequence alignment showed an 8 bp 
overlap at the mycobacterial origin/IS1096 junction. This overlap displays perfect 
homology to the right hand inverted repeat of ISI096. Therefore, it is probable that 
positions 5-52 of the sequenced region correspond to mycobacterial origin sequence 
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Figure 3.6: A) 1.6 kb mycobacterial origin of replication displaying annealing sitcs of 
primers used for sequencing. B) Position of mutations identified on repA and rel)B gcnes, 
displayed in bold red. Boxed codons indicate amino acid alterations in the therniosensitivc 
(Ts) origin. The single base reversion to the wild-type sequence identified in plasinid 2i is 
presented with chromatographs of the appropriate regions. All numbering rellers to the 
pAL5000 sequence (GenBank M23557). 
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Figure 3.7: Linear map of vector pUS 1849, with the region of novel insertion from rescued 
plasmid pUS1849/2i, sequenced with primer P4R ('query' sequence). Sequence alignments 
result from a BLAST database search (NCBI), identifying regions with high homology to the 
repB gene from pAL5000 (GenBank M23557) and the M. smegmalis IS-elernent. IS/096 
(GenBank M76495). The percentage identity for alignments is displayed in parenthesis. 
Numbering forpAL5000andIS1096 regions refers tothe GenBank sequence. The sequence 
in blue is the right terminal inverted repeat of IS 1096, andthesequence in orange is thej unction 
including the terminal 3' end of the repB gene. 
77 
921 bp 
(myco-ort) 
2364 bp 
I'm 11 (797 1) 
651 bp 
IS611 
tnpA 
IS 1096 
tnpR 1293 bp 
I'm 11 (20.14) 
pUS1 849/2i 
10407 bp myco-on 
2559 bp 
IS6110 
Figure 3.8: Possible structure of rescued plasmid ptJS]949/2i (and pUSI849/4ii) 
showing insertion of IS1096 into the mycobacterial origin ofreplication. ThcgenesInpA 
and MpR refer to the two open reading frames identified within IS1096 (Cirillo el al., 
1991). Pvull sites are displayed with fragments sizes expected. The 1ragment sizes frorn 
this structure is consistent with band sizes obtained from restriction and Southern blot 
analysis. 
78 
2629 bp aph 
Chapter 3: Papillation Assay to Detect Transposition 
P, 
and positions 53-361 correspond to IS1096 sequence. The vector map of plasmid 
pUS1849/2i is presented in figure 3.8. This shows a single. copy insertion of IS1096 
into the site identified by sequence analysis within the mycobacterial origin. The tnpA 
and tnpR genes identified within IS1096 by Grillo et al. (1991) are displayed on the 
vector map. This vector model is consistent with the PvuH-restriction and Southern 
hybridisation data presented in figure 3.4. Primer P4R was also used to sequence the 
rescued plasmid, pUS 1849/4ii, which had shown the same restriction pattern as 
plasmid pUS1849/2i, but was isolated from a separate papilla. This sequence was 
identical to that obtained for plasmid pUS1849/2i, revealing the presence of IS 1096 
within the mycobacterial origin at the same location and the same orientation. 
The mycobacterial origin sequence obtained from plasmid pUS1849/2i using 
primers P417, Mori-1, IntB and IntRev, was further analysed to identify any changes 
that may have occurred resulting in loss of thermosensitivity. Initially, the repA and 
repB open reading frames of the thermosensitive 1.6 kb mycobacterial origin of 
replication from vector, pUS 1849, were sequenced in order to identify the possible 
mutation(s) present rendering the plasmid thermosensitive in M. smegmatis. The 
sequence obtained was compared to the wild-type repA and repB sequences from 
pAL5000 (GenBank accession number M23557, Rauzier et al., 1988). In total, 7 point 
mutations were identified, of which 5 are present in repA and 2 in repB open reading 
frames. The location and nature of these mutations are displayed in figure 3.6B. All 
mutations are transitions from G to A (or C to T), occurring on both strands of DNA. 
This coffesponds to the known mutagenic effect of hydroxylarnine, the mutagen used 
by Guilhot et al. (1992b) to create the original thermosensitive vector pCG59. Two of 
the point mutations in repA (positions 4761 and 50) and one mutation in repB 
(position 97 1) results in no alteration to the amino acid sequence. Three point 
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mutations in repA (positions 4756,4817,355) and one in repB (position 936) results 
in the amino acid alterations displayed in figure 3.613. All nucleotide positions refer to 
the entire pAL5000 sequence (GenBank accession number M23557, Rauzier et al., 
1988). All sequencing was only performed on one strand using the primers mentioned 
thus questioning the accuracy of the point mutations identified. However, the 
mutation at position 355 (GTA) was confirmed in the overlap of the sequences 
obtained from primers Mori-I and IntRev. The mutations identified could be 
confirmed by further sequence analysis of the complementary strand in the 
appropriate region. Nevertheless, the only mutations identified are of the type 
expected, with regard to the chemical mutagen employed. 
It is unknown which of these alterations give rise to the thermosensitive 
phenotype, but all are localised within the repA and repB open reading frames. No 
mutations were identified within the ori region or in the RepB protein high and low 
affinity binding sites. Therefore it is possible that the mutant RepA or RepB (or both) 
proteins become unstable at the'higher temperature and are thus unable to trigger 
plasmid replication. 
The mycobacterial origin from plasmid clone pUS 1849/2i was sequenced using 
the primers P4F, Mori-1, IntB and IntRev, displayed in figure 3.6A. The sequence 
obtained with these primers, were virtually identical to the sequence obtained for the 
mycobacterial origin from the plasmid pUS 1849 This suggests the presence of intact 
repA and repB genes', including the ori region and the RepB protein high and low 
affinity binding sites. The only changes identified in the mycobacterial replication 
functions of plasmid pUS1849/2i, compared to pUS1849 were at locations 4817 
' The sequence of the first 140 bases from the 5' end of the repB gene was obtained for plasmid 2i in 
this study (using primer IntB). Both repA and repB genes are essential for plasmid replication (Stolt 
and Stoker, 1996a, Stolt and Stoker, 1996b), therefore it was assumed that an intact repB gene was 
present, as plasmid 2i was capable of replication within A smegmatis. 
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(GTG-4GCG) and 50 (GGT-4GGf), as displayed in figure 3.6B. These point 
mutations (GTG and GGT) were initially identified in pUS1849 and implicated in the 
thermosensitive phenotype. The changes observed in rescued plasmid pUS1849/2i, 
correspond to point reversions identical to the wild-type mycobacterial origin 
sequence (GCG and GGC). The rescued plasmid pUS1849/2i was associated with a 
loss in thermosensitivity, suggesting that the point mutation in the thermosensitive 
origin at location 4817 (QTG) may be necessary for thermosensitivity, as this also 
resulted in an amino acid alteration. The reversion at location 50 is unlikely to be 
invloved in thermosensitivity, as the mutation from wild-type to thermosensitive did 
not alter the amino acid sequence. No reversions to the wild-type, among the other 
point mutations identified from the thermosensitive mycobacterial origin sequence of 
pUS 1849, were apparent within plasmid pUS 1849/2i. This suggests that the 
remaining point mutations identified in the thermosensitive mycobacterial origin of 
pUS 1849 were the result of sequencing errors or are not responsible for the 
thermosensitive phenotype. No sequence data in plasmid pUS1849/2i was obtained 
for the section of repB, encompassing the region where point mutations had been 
identified in the thermosensitive mycobacterial origin of pUS 1849 (figure 3.6B, 
position 936 TTT and 971 TTG detected by primer P4R). This is due to the insertion 
of IS1096 within this region. Therefore, it remains unknown if these point mutations 
had reverted to the wild-type sequence and hence responsible for the thermosensitive 
phenotype. 
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'3.4 DISCUSSid 
3.4.1 General discussion 
The use of a papillation assay, in this study, failed to detect independent 
transposition events of IS6110. The papillae (representing putative integration events) 
arising from the non-growing lawns of M. smegmatis, appeared after 5 to 8 weeks of 
incubation at the restrictive temperature (390C). A similar assay has previously 
demonstrated transposition of IS6100 in Streptomyces lividans, with papillae arising 
from discrete colonies after 2 days of incubation at the restrictive temperature (Smith 
and Dyson, 1995). As M. smegmatis is a fast growing species of mycobacteria, 
papillae resulting from IS6110 mediated transposition events would be expected to 
have arisen from the non-growing lawn of cells within a few days of incubation at the 
restrictive temperature. 
In this study, the papillae appeared after prolonged incubation at the restrictive 
temperature, after which the frequency increased considerably over a period of a few 
weeks to an upper limit of approximately 500 papillae. It is conceivable that the large 
number of papillae present were masking the appearance of new discreet papillae. 
This created difficulties in further scoring that may account for the observed decrease 
in rate of appearance of papillae towards the end of the time period. However, the 
heterogeneous nature of papillae suggests that the true frequency of papillae arising, 
as a result of events occurring within individual cells, was considerably higher than 
the figure calculated (approximately 6.63x 10-5). 
The rescue of extrachromosomal. plasmid from papillae revealed the presence of 
rearrangements. In the plasmids examined, these rearrangements included a deletion 
within the bla gene (plasmid pUS1849/li) and large insertions within the 
mycobacterial origin of replication (plasmid pUS1849/2i). Analysis of plasmids 
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pUS1849/2i and pUS1849/4ii identified the novel sequence as the native M. 
smegmatis insertion element, IS1096. This IS element was originally identified by 
Cirillo et al. (1991) using a transposon trap and demonstrated to transpose randomly 
at a frequency of 7.2xlO-5. This is similar to the frequency of papillae observed in this 
study (6.63X 10-5) for the strain tested with vector pUS 1849. Transposition of IS 1096 
into the vector pUS1849 may have been responsible for the frequency of papillae 
observed, assuming that all papillae had arisen from such an event. This is unlikely to 
be the sole reason, as papillae were also shown to contain pUS 1849 that had only lost 
thermosensitivity without any DNA rearrangements. Also, vector was rescued from 
papillae which showed the presence of a smaller insertion within the mycobacterial 
origin, which is not explained by transposition of IS1096. Transposition of an 
alternative smaller M. smegmatis IS element into the mycobacterial origin is 
conceivable, for example, IS1137 (Garcia et al. 1994) or IS6120 (Guilhot et al. 
1992a). Neither of these insertion sequences possess a Kpnl site, therefore 
transposition of such elements could generate certain KpnI restriction patterns of the 
rescued plasmids presented in figure 3.3. 
The exact mechanism of transposition of IS1096 into vector pUS1849 remains 
unclear. The rescued vector pUS1849/2i may have been the result of a simple 
conservative transposition event of a single copy of IS1096 into vector pUS1849. 
Alternatively, it is feasible that IS1096 transposed by a replicative method generating 
a cointegrate with the vector pUS 1849 in the M. smegmatis chromosome, resulting in 
duplication of IS1096. Subsequent homologous recombination between the two 
copies of IS1096 would result in excision of all intact vector sequences, generating a 
re-circularised vector pUS 1849 possessing a single copy of IS 1096. This vector would 
still be capable of replication in mycobacteria, as long as all mycobacterial replication 
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functions had remained intact. However, only the products of simple conservative 
transposition events have been detected for studies of IS1096, without any evidence 
of replicative cointegrate formation (McAdam et al. 1995). These studies were 
performed in M. bovis BCG using non-replicative, suicide vectors as a transposon 
delivery system and did not involve the long incubation periods as used in the 
papillation assays. Therefore, it is not possible to dismiss the occurrence of 
cointegrate formation as an intermediate in the transposition of IS 1096. 
The rescued plasmids analysed, pUS1849/2i and pUS1849/4ii were identical. 
Both possessed a single copy of IS1096 at identical locations and orientation within 
the mycobacterial origin of replication. As plasmids pUS1849/2i and pUS1849/4ii 
were rescued from separate papillae, the ISI096 insertions were the result of 
independent events. This suggests the presence of a possible hot spot for the 
transposition of IS1096 within the mycobacterial origin of replication. A weak 
consensus sequence at the insertion junctions has been identified for IS1096 
transposition in M. bovis BCG (McAdam et al. 1995). This sequence is 
NNN(A/T)(A/T)N(G/C)N where 'N' is any base. The single junction sequence 
identified for plasmids pUS1849/2i and pUS1849/4ii in this study was 
TCA(A)(A)A(G)G, which is consistent with the target site sequence suggested by 
McAdam et al. (1995). The novel sequence was located 43 bases from the 3' end of 
the repB gene. The RepB protein is necessary for plasmid replication within 
mycobacteria (Stolt and Stoker, 1996a; Stolt and Stoker, 1996a), therefore it is 
possible that a duplication of the end of the repB gene had also occurred adjacent to 
the point of insertion of IS1096. Hence the plasmid would still retain fully functional 
repA and repB genes. Such a structure is consistent with the restriction and sequence 
analysis data obtained. Alternatively, the final 43 bp of the 3' end of the repB gene 
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may not be neccessary for the function of the RepB protein. The repB gene may 
terminate within the left inverted repeat end of ISI096, where a stop codon (ATG, 
position 14, GenBank M76495) is present in frame with the repB ORF. 
Rearrangements occurring within the 1.6kb mycobacterial origin are only detected if 
they do not interfere with the replication functions of this origin, otherwise such 
alterations would be lethal. 
The rescued plasmid pUS1849/li was shown to possess a deletion within tile 
bla gene resulting in loss of ampicillin resistance in E. coli. Although transposable 
elements are known to cause deletions, it is unlikely that the deletion identified in 
plasmid, pUS1849/li was a result of transposition of IS6110, as such deletions occur 
directly adjacent to either ends of the IS element. All regions immediately flanking 
both copies of IS6110 in plasmid pUS 1849/1 i remained intact. However, this deletion 
may have been the result of transposition of a native M. smeginatis IS element, 
possibly ISI096, into the bla gene followed by excision of the element. Alternatively, 
other illegitimate recombination processes may also be responsible for such an 
alteration, resulting from the extensive incubation time of the assay, where cells were 
in a non-growing state, but still viable. 
The relative absence of papillae from M. sinegmatis tested with the negative 
control, pUS1843 (lacking any ISGIO sequence) was evident. Therefore, the growth 
of papillae associated with the presence of the vector, pUS 1849, possessing a variety 
of rearrangements, relied upon IS6110 and an extended incubation time. The greater 
frequency of thermoresistant extrachromosomal vector (without any further 
rearrangements) associated with the presence of IS6110 is consistent with the results 
obtained from the transposition assay in liquid media (chapter 2). The reason for the 
sudden appearance of papillae after prolonged incubation remains unknown. 
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However, the M. smegmatis cells are still viable and present in a non-growing state 
during this extended period, due to the restrictive temperature (39"C). The cells would 
effectively be in a stressed condition in such an environment, thus increasing the 
possiblilities of genomic rearrangements. This may include stimulation of 
transposition of native IS elements and other forms of illegitimate recombination. It 
has been suggested that a variety of genomic rearrangements are possible at the 
replication fork of plasmids when replication is prematurely stalled (Bierne and 
Michel, 1994). This generates DNA ends and persistent single-stranded DNA regions 
which are prone to various recombination processes. Attachment of DNA binding 
proteins have been suggested to facilitate illegitimate recombination (Ehrlich, 1989) 
and the pAL5000 mycobacterial origin of replication is known to possesses a range of 
DNA binding sites as identified by Stolt and Stoker (1996a and 1996b). Expression of 
the IS6110 ORFa reading frame product, which has been suggested to code for a 
DNA binding protein similar to other IS elements, for example IS], may bind to the 
sites within the origin region and stimulate illegitimate recombination. This may 
account for the plasmid rearrangements occurring only with the presence of IS6110. 
This however, does not account for ISI096 transposition which was similarly only 
detected with the presence of IS6110. It has been suggested that the IS6110 
transposase is active in trans (Wall, pers. comm), however, the transposase is more 
likely to stimulate transposition of IS6110 rather than any native M. synegynatis IS 
elements. Whatever possible explanations can be suggested, it still remains a mystery 
that tfie presence of IS6110 increases considerably the frequency of such events, 
although no IS6110 mediated transposition was detected under the defined conditions 
of the papillation assay. 
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4.1 INTRODUCTIOW. 
4.1.1 General introduction 
The transposition of IS elements is highly regulated and, in certain cases, is 
sensitive to the physiological state of the host cell, which in turn is affected by 
environmental conditions. Bacteria are present in a multitude of diverse ecological 
niches, from soil environments to human tissues, for example M. tuberculosis 
persisting in granuloma within the lungs. Cells receive signals and environmental 
stresses from a wide range of sources, some of which are thought to influence 
transposition activity. 
Studies have demonstrated the effects of certain chemicals on transposition 
frequency, particularly sodium acetate which has been found to increase transposition 
of TO in E. coli K-12 (Datta et al. 1983). Induction of Tn917 transposition, by the 
substrate of one of the transposon-encoded resistance genes, has also been detected in 
Streptococcus faecalis (Tomich et al. 1980). Tn917 possesses an erythromycin 
resistance gene and the frequency of transposition of this mobile element increased 
when S. faecalis was exposed to a non-inhibitory concentration of erythromycin. 
Temperature has also been implicated in affecting transposition of IS elements. IS911 
from Shigella dysenteriae, like IS6110, is a member of the IS3 family, and has been 
shown to transpose at an optimum frequency at 300C (Haren et al. 1997). An 
increased level of transposition of a range of IS elements has been identified in stab 
cultures of E. coli K-12 stored for up to 30 years in stationary phase under conditions 
of nutritional deprivation. The elements demonstrating the greatest level of 
transposition were IS5 and IS30, followed by IS2, IS3 and ISI50 which are members 
of the IS3 family (Naas et al. 1995; Naas et al. 1994). This variety of observations 
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suggests that under certain environmental conditions, transposition of IS elements 
may be stimulated. 
4.1.2 Aims 
Previous use of a papillation assay failed to detect transposition of IS6110, 
delivered on a thermosensitive mycobacterial replicon in M. smegniatis. This may 
have been as a result of an undetectable low frequency of transposition, or because of 
the total absence of mobility of the IS element. It is possible that transposition of 
IS6110, in common with other IS elements, is stimulated by environmental signals. 
Therefore, M. smegmatis was exposed to a number of environmental conditions and 
transposition of IS6110 was measured by the papillation assay. These stimuli include 
carbon limitation, nitrogen limitation, cold shock and microaerobic shock. 
Any transposition products detected were further analysed to demonstrate that 
integration into the M. smegmatis chromosome had occurred involving the ends of the 
terminal inverted repeats of IS6110 and not by a random illegitimate recombination 
process occurring within the IS element itself. 
89 
Chapter 4: Stim ulation qf Transposition by En vironniental Factors 
, 
4.2 MATERIALS AND,. METHODS-'', 
4.2.1 Media 
Sauton's Media: K2HP04 0-05% (W/V), MgS04 0-05%(W/V), Citric acid 0.2% 
(w/v), L-asparagine 0.04% (w/v), Ferric ammonium citrate 0.005% (w/v), Glycerol 
2.3% (v/v), pH7.2. Plates were prepared with 1% (w/v) agar. Liquid media was 
supplemented with Tween 80 0.02% (v/v). 
4.2.2 Oligonucleoticle primers 
Primer I Sequence (5'-3') Details 
SEQI CCCCATCCMCCAAGAACT IS6110, nt 30-49 (complementary) 
SEQ3 GGACATGCCGGGGCGGTTCA IS6110, nt 1-20 (complementary) 
IS04-92 UGCGAGUCGAGGUCAGUUCT Mixed linker primer containing uracil 
IS08-92 AGAACTGACCTCGACTCGCACG Mixed linker primer 
IS09-92 AGAACTGACCTCGACTCGCA Mixed linker primer 
4.2.3 Papillation assay 
M. smegmatis mc 2 155 transformants possessing the appropriate thermosensitive 
vectors were grown to saturation in 5 ml kanamycin supplemented nutrient broth at 
the permissive temperature (30"C) for 3 days. Neat culture samples of 200 gl were 
spread onto kanamycin nutrient agar plates and incubated at 30"C for a further 3 days 
to produce a confluent lawn of cells. Plates were subsequently transferred to the 
restrictive temperature (39'C) to prevent further growth of the lawns. Putative 
transposition products, observed as small colonies (papillae) growing out of the lawns 
were scored over a period of time up to 100 days. 
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Individual papillae were streaked on kanamycin nutrient agar plates and grown 
at 39'C to isolate single colonies. Discrete colonies were grown in kanamycin 
supplemented nutrient broth at 39'C for 2 days to isolate total cell DNA. Samples of 
DNA were BamHI digested, electrophoresed through a 1%(w/v) agarose gel and 
transferred onto a positively charged nylon membrane. Southern analysis, with the 
appropriate digoxygenin-labelled probe, was used to detect any putative transposition 
products. 
4.2.4 Exposure of cells to environmental shock 
Nutrient deprivation 
The papillation assay was repeated with cells cultured in 5 ml kanamycin 
supplemented Sauton's media at 30'C. Lawns of cells were grown from 200 gl 
culture on nylon membranes (Boehringer Mannheim) on kanamycin supplemented 
Sauton's agar plates at 30'C. Membranes were subsequently transferred onto a range 
of new kanamycin Sauton's plates with specific constituents removed from the media. 
Limited carbon source was achieved by the removal of citric acid and glycerol, and 
limited nitrogen source by removal of only L-asparagine from the media. All plates 
were then transferred to the restrictive temperature (391C) and monitored for 
papillation. 
Microeerobk atmosphere 
A microaerobic atmosphere was achieved by placing unsealed lawn plates in a 
gas jar with a gas generation system (Campylobacter BR56, Oxoid), according to 
manufacturer's instructions. This generated an atmosphere of approximately C02 10% 
(v/v) and 02 5% (v/v). After 48 hours, plates were removed from the gas jars and 
sealed using Nescofilm, prior to incubation at 39*C under normal atmospheric 
conditions. 
91 
Chapier 4. - Stimulation oj'Trall, ýp(?, eiti()n by En vironntenfal Factors 
4.2.5 Generation of mixed linkers 
The mixed linker was generated by annealing of the uracil-containing 
oligonucleotide IS04-92 with its complementary oligonucletide IS08-92 containing 
thymidine, using the method of Haas et al. (1993). The oligonucleotides were mixed 
in a molar ratio of 1: 1 in PCR buffer (Boehringer Mannheim). The reaction mixture 
was heated to 95"C for I minute, followed by 5 cycles at 60'C for 5 minutes and 
451C for 10 minutes. The resulting product was an unphosphorylated mixed linker 
with a Mal compatible GC overhang at the 3' end. 
4.2.6 Mixed linker PCR 
Mixed linker PCR was basically performed according to the protocols employed 
by Haas et al. (1993). The strategy is schematically displayed in figure 4.7. M. 
smegmatis genomic DNA was digested with Hhal and heated to 651C for 5 minutes to 
dissociate spontaneously reannealed fragments. Approximately 1000x molar excess 
of mixed linker was ligated to 100 pg of digested genomic DNA, at both ends of tile 
genomic fragments. This mixture was treated with Ilhal to digest any reannealed 
genomic fragments. The ligation mixture was then treated with uracil-N-DNA 
glycosylase (UNG) in standard PCR buffer (Boehringer Mannheim), heated to 500C 
for 20 minutes, 95*C for 15 minutes and finally cooled to 4"C. This removes the 
uracil containing strand of the mixed linker. The UNG-treated DNA was subsequently 
used as a template for PCR amplification using Taqbeads, 1.5U Taq DNA polymerase 
within a wax bead that melts at 601C (Promega) and primer pair IS09-92/ SEQI. 
Reaction conditions consisted of an initial denaturation step at 95C for 2 minutes, 
followed by 35 cycles with denaturation at 95"C, primer annealing at 580C and 
extension at 72"C, each for 30 seconds. The final step was extension at 720C for I 
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minute. Semi-nested PCR was performed using a 1: 10 dilution of this PCR reaction 
mixture with primer pair IS09-92/ SEQ3 under identical reaction conditions. 
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', 4.3 RESULTS 
4.3.1 Papillation assay: nutrient deprivation 
The papillation assay was employed in conjunction with exposure of the 
bacterial lawns to nutrient deprivation to detect a large number of independent 
transposition events of IS6110 in M. smegmatis. M. smegmatis mc 2155 strains 
separately harbouring thermosensitive vectors pUS1846, pUS1847, pUS1848 and 
pUS1849 (two copies of IS6110 flanking the aph gene in all four orientations, with 
respect to the aph gene) alongside vector pUS1845 (single copy of IS6110) were 
tested. The strain possessing vector pUS1843, lacking any IS6110 sequences, was 
used as the negative control. See chapter 2, figures 2.1,2.4 and 2.5 for vector 
construction details. 
Strains were cultured in a defined media (Sauton's) supplemented with 
kanamycin at the permissive temperature (301C). Cells were grown to a mean culture 
density of 5.21XI07 cfu ml-1 (±2.77x 106) - These cultures were used to grow lawns on 
nylon membranes on kanamycin plates at 30"C, - 
Lawns growing on membranes at 300C were transferred to new 
kanamycin Sauton's plates with limiting carbon source (removal of citric acid and 
glycerol from media), limiting nitrogen source (removal of L-asparagine from media) 
and plates limiting in both carbon and nitrogen sources (removal of citric acid, 
glycerol and L-asparagine from media). Lawn membranes were also transferred onto 
Sauton's plates with the full constituents. All plates were immediately transferred to 
the restrictive temperature (39"C) at which point the lawns ceased growth. Lawns 
were monitored for the appearance of papillae over a period of 98 days. 
The results of this assay are presented in figure 4.1. Kanamycin-resistant 
papillae from all strains tested with IS6110 vectors were observed after 48 days of 
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incubation at the restrictive temperature and increased in frequency thereafter up to 98 
days. This was observed on complete Sauton's agar (papillation frequencies ranging 
from 2.99xlO-5 to 3.63x 10-5 for all IS6110 vectors examined) and on Sauton's agar 
lacking L-asparagine (papillation frequencies ranging from 3.29xlO'5 to 3.82xlO'5 for 
all IS6110 vectors examined). The strain tested with the plasmid pUS1843 (lacking 
IS6110) displayed a negligible level of papillation over the duration of the assay. No 
papillae were observed for all plasmids tested from M. syneginatis lawn membranes 
transferred to media lacking in a carbon source and media lacking in both carbon and 
nitrogen sources. This is likely to be due to the inadequate supply of carbon substrate 
present in the media preventing growth of papillae over the extended incubation 
period. 
If nutrient deprivation had stimulated the transposition of IS6110 then the 
appearance of papillae would be expected considerably earlier than observed in this 
assay. The late onset of papillation observed (34-48 days) from lawn membranes 
transferred to media lacking in an adequate nitrogen source and those tested on 
complete Sauton's media suggests that a limiting nitrogen source does not stimulate 
the transposition of JS611D-hi-thqiLpapillation assay. The number of papillae were in 
the range of 300-400 per plate on all lawns exposed to complete Sauton's media and 
to media with a limiting nitrogen source. The late onset and frequency of papillation 
was similar to that observed from the assay performed in chapter 3. The number of 
papillae observed in the assays described in chapter 3, for all composite transposon 
vectors, was similarly between 300 to 400 per plate. Therefore, it is likely that the 
papillae were the result of non-IS6110 mediated recombination events and the IS6110 
mediated stimulation of extrachromosomal plasmid persisting within the cells at the 
95 
Chapter 4. Stintulation of Transposition by Environmental Factors 
restrictive temperature. Hence, the papillae in this study were not further analysed by 
Southem hybridisation. 
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4.3.2 Papillation assay: microaerobic stress and cold stress 
The papillation assay was repeated for all M. smegmatis MC2 155 strains 
separately harbouring thermosensitive vectors pUS 1846, pUS 1847, pUS 1848 and 
pUS1849 (two copies of IS6110 flanking the aph gene in all four orientations, with 
respect to the aph gene) alongside vector pUS 1845 (single copy of ISO 10). The strain 
possessing vector pUS1843, lacking any IS6110 sequences, was used as the negative 
control. 
Strains were cultured in nutrient broth supplemented with kanamycin at the 
permissive temperature (30'C). Cells were grown to a mean culture density of 
4.76xlW cfu ml" (±1.4 IX106) . These cultures were used to grow lawns on kanamycin 
nutrient agar plates at 30'C. 
Lawns were exposed to a microaerobic atmosphere for 2 days at the permissive 
temperature. After the appropriate exposure to the microaerobic conditions, the lawns 
were transferred to the restrictive temperature (39"C) and observed for papillation 
over a period of 88 days. Similarly. lawns were separately exposed to a temperature of 
41C for 2 days prior. to prolonged incubation at 39'C. A set of lawns was also 
incubated at 30'C for a further 2 days, without exposure to any microacrobic or cold 
conditions, prior to transfer to 39"C. 
Kanamycin-resistant papillae from strains tested with IS6110 vectors were 
observed between 35-48 days of transfer to the restrictive temperature on all lawns 
ý-. 
exposed to cold, microaerobic, and regular atmospheric conditions. The frequency of 
papillae increased thereafter, ranging from 3.26X 10-5 to 5.43X 10-5 after 98 days. The 
strain tested with the plasmid pUS1843 (lacking IS6110) displayed a negligible level 
of papillation over the duration of the assay. Only the results of the control assay (2 
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further days incubation at 300C, normal atmospheric conditions) is displayed in figure 
4.2A. The appearance of papillae over the duration of the experiment was identical to 
previous assays performed (see chapter 3), which identified mechanisms other than 
IS6110 transposition as the cause. 
However, papillation was observed after 14 days of incubation at the restrictive 
temperature from lawns of cells tested with IS6110 composite transposon vectors and 
previously exposed to a microaerobic atmosphere for 2 days (figure 4.2B). A 
photograph of papillae arising from a lawn of M. smegmatis cells tested with plasmid 
pUS 1846 is displayed in figure 4.3. The frequency of papillation at this time point, for 
the IS6110 composite transposon vectors tested, ranged from 6.6 IXIO-6 to 4.16xIO-5. 
No papillae were observed at this time point for strains tested with vector pUS1845 
(single copy of IS6110) and pUS1843 (no IS6110 sequences). Due to the relatively 
early onset of papillation, these papillae were further analysed to examine for the 
presence of IS6110 mediated transposition products. 
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Lawns sulýjected to a further 48 hour incubation under regular atmospheric conditions 
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Figure 4.3: Papillae arising from non-growing lawns offf stnegmtilis transformed 
with vector pUS1846. Lawns were initially exposed to a microaerobic atmosphere for 
48 hours at the permissive temperature (30"C) and onset ol'papillation was observed 
after 14 days of incubation at the restrictive temperature (39"C). 
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4.3.2 Analysis of putative transposition products 
Papillae arising after 14 days of incubation at the restrictive temperature (3911C) 
from lawns previously exposed to a 48 hour microaerobic environment were further 
analysed by Southern blot hybridisation. Papillae were streaked on kanamycin 
nutrient agar plates and grown at 39"C to isolate single colonies. Discreet colonies 
were used to obtain total DNA samples. This extra procedure was incorporated due to 
the 
-heterogeneous 
nature 
- 
of the papillae identified from previous papillation assays 
(see chapter 3). Total DNA samples from the putative transposition products wcre 
BamHI digested and examined by Southern blot hybridisation using the PCR- 
generated, DIG-labelled complete IS6110 probe and the DIG-labellcd pUS1843 
probe. Putative transposition products from strains tested with plasmids pUS 1846, 
pUS1847 and pUS1849 were analysed as these displayed the greatest initial level of 
papillation (after 14 days). 
Southern blot analysis of putative transposition products derived from the strain 
transformed with vector pUS1846 is presented in figure 4.4. Probing the blot with the 
entire IS6110 probe revealed bands of the expected sizes, 5189 bp, 2221 bp and 895 
bp for the purified plasmid pUS 1846 (figure 4.4A, lane 2). A map of vector pUS 1846 
showing sizes of BamHI-restricted fragments and position of hybridisation to the 
IS6110 probe is presented in figure 4.413. Twelve out of the 14 samples examined 
displayed differing restriction patterns. Lanes 3-5,7,9 and 12-16 revealed three 
bands, of which the 2221 bp band was present in all samples. The 2221 bp fragment 
corresponds to the internal region of the composite transposon containing the aph 
gene. Each sample displayed at least two additional bands of variable size. Reprobing 
the blot with the pUS 1843 probe revealed hybridisation to only the 2221 bp fragment. 
IS6110 probe thus corresponds to IS6110 transposon end/ chromosomal junctions. Of 
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particular note is the absence of the band 895 bp corresponding to the right end of the 
composite transposon and the BamHI site in vector pUS 1846 at position 1877 (figure 
4.4B). This indicates that the linkage between the BamHl sites at positions 2772 and 
1877 has been broken by integration-recombination and is consistent with a 
transposition event involving the end of IS6110. The BainHI site at position 1877 on 
vector pUS 1846 (figure 4.413) is located only 10 bp outside the composite transposon, 
at the end of the right IS6110 element. Therefore, any integrative events must have 
involved this end of the IS element, resulting in loss of this BamIll site on forming a 
junction with the chromosome. This data is consistent with IS6110-mediatcd 
transposition of the composite transposon from plasmid pUS1846 into the M. 
smegmatis chromosome with loss of the thermosensitive vector backbone. Although 
transposition products appear to be simple conservative insertions, the consequence of 
resolved replicative cointegrate structures cannot be dismissed. A proposed structure 
of the transposition products is presented in figure 4.4C. Lanes 8 and II displayed the 
2221 bp fragment hybridising to IS6110 along with 6 and 4 variable bands 
respectively. Only the 2221 bp fragment hybridised to the pUS1843 probe. The 
presence of 6 and 4 variable bands hybridising to the IS6110 probe may be due to 
heterogeneous DNA samples or the result of 3 and 2 transposition events respectively. 
Multiple IS6110 transposition events would give rise to an even number of variable 
bands hybridising to the IS61 10 probe but not to the pUS 1843 probe. 
Total DNA samples from all individual transposition products were used to 
transform E. coli DH5(x. Kanamycin resistant colonies were obtained at a frequency 
of 7.2 IX107 and 6.92x 107 transformants gg" DNA, from samples corresponding to 
lanes 6 and 10 respectively, in figure 4.4A, but not from any of the other samples. 
Lanes 6 and 10 also displayed bands of identical hybridisation patterns to the purified 
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plasmid control, suggesting that these samples contained thermoresistant 
extrachromosomal plasmid. 
The variable bands identified in 12 of the 14 samples examined suggests that 
the transposition events were random and independent. However, integrants from 
lanes 12 and 14 displayed identical restriction patterns. Since these samples were 
derived from separate papillae it is unlikely that they are clonal events and may 
possibly be a hotspot region of integration within the M. sinegmatis chromosome. 
Papillation frequency was calculated after 14 days incubation at the restrictive 
temperature (39C) was at a frequency of 4.16x 10,5 /plate for the strain tested with 
plasmid pUS1846. Assuming the 16 papillae analysed to be a representative sample, 
then 87.5% were identified as positive for IS6110 transposition. Therefore, from this 
assay the frequency of transposition of the ISO 10 transposon from vector pUS 1846 is 
approximately 3.64X I V. 
Southern blot analysis of putative transposition products derived from the strain 
transformed with vector pUS1847 is presented in figure 4.5. Hybridisation with the 
IS6110 probe revealed bands of the expected sizes, 4780 bp, 2630 bp and 895 bp for 
the purified plasmid pUS1847 (figure 4.5A, lane 2). A map of vector pUS1847 
showing sizes of BamHI-restricted fragments and position of hybridisation to the 
IS6110 probe is presented in figure 4.5B. Lanes 4,7,10,14 and 17 also displayed 
bands of identical hybridisation patterns to the purified plasmid control, suggesting 
that these samples contained thermoresistant extrachromosomal plasmid. Eleven out 
of the 16 samples examined displayed differing restriction patterns. Lanes 5-6,8-9, 
11-13,15-16 and 18 revealed three bands, of which the 2360 bp band was present in 
all samples, as this fragment corresponds to the internal region of the composite 
transposon containing the aph gene. The remaining two bands hybridising to IS6110 
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Figure 4.5: A) Southern blot analysis ofputative transposition products arlsIng frorn Al. 
smegmalis lawns tested with vector pUS1847 and exposed to a 48 hour microacrobic 
shock. Lane M is SPPI/EcoRl marker VII (Boehringcr Mannheim), lanc I is Bandil 
digested genomic DNA from untranstlormed A4. smegmaiis nic-'155, kine 2 is Bumill 
digested purified vector pUS 1847 and lanes 3-19 are putative transposition products. 1110t 
probed with PCR-generated, DIG-labelled complete IS61/0 1ragment. 13) Vector map of 
pUS1847 displaying the region of hybridisation to the IS6//O probe (purple stripes). 
Fragment sizes from BamHl restriction are presented in blue. C) Proposed structure of 
integrants from lanes 3,5-6,8-9,11-13,15-16 and 18. 
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were of variable size in each of these samples. Similar to the integrants observed from 
samples derived from pUS1846, the variable bands hybridised to only the IS6110 
probe corresponding to IS6110 transposon end/ chromosomal junctions. These 
variable bands were similarly never smaller than the 895 bp band that corresponds to 
the end of the right IS6110 element in the composite transposon. This data is therefore 
consistent with IS6110-mediated transposition of the composite transposon from 
plasmid pUS1847 into the M. smegmatis chromosome with loss of the 
thermosensitive vector backbone. A proposed structure of the transposition products 
is presented in figure 4.5C. The sample in lane 3, displayed 4 variable bands 
hybridising only to the ISGIO probe, which may be due to a heterogeneous DNA 
sample or the result of 2 transposition events. All IS6110 mediated transposition 
events identified appeared to be random and independent with no evidence of clonal 
or site specific integration. The appearance of papillae after 14 days incubation at the 
restrictive temperature (391C) was at a frequency of 2.26XIO'S/ plate for the strain 
tested with plasmid pUS1847. Assuming the 16 papillae analysed to be a 
representative sample, then 68.75% were identified as positive for IS6110 
transposition. Therefore, from this assay the frequency of transposition of the IS6110 
transposon from vector pUS 1847 is approximately 1.55XIO, 5. 
Southern blot analysis of putative transposition products derived from the strain 
tested with vector pUS1849 is presented in figure 4.6. All samples appeared to 
possess extrachromosomal plasmid with no transposition products evident. Thirteen 
of the 16 samples probed with the ISGIO probe revealed bands of sizes 5189 bp, 
2630 bp and 486 bp, identical to the bands observed from the purified plasmid control 
(figure 4.6A, lane 2). The remaining 3 samples corresponding to lanes 6,15 and 17 in 
figure 4.6A appeared to possess DNA rearrangements. However, no Southern 
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Figure 4.6: A) Southern blot analysis Ot'PLItat I vetransposition productsarising from At 
smegmalis lawns tested with vector pt JS 1841) and cxposcd to a 48 hour nucroacrohic 
shock. Lane M is ý. WintAll marker. lane I is Bamill digested genomic DNA from 
untransformed M. smegmalis rric'155. lane 2 is Bamill digested purified vector 
pUS 1849 and lanes 3-18 are putative transposition products. Blot probed with PCR- 
generated, DIG-labelled complete IS61/0 l1ragment. 11) Vector map of' p( IS 1841) 
displaying the region of hybridisation to the IS6/10 probe (purple stripes). Fragment 
sizesfrom Baml 11 restrictionare presented in blue. 
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hybridisation restriction patterns consistent with IS6110 transposition events were 
identified from the samples presented in figure 4.6A and derived from strains tested 
with vector pUS 1849. 
4.3.3 Mixed linker PCR analysis of transposition products 
The IS6110 end/ chromosomal junctions from the transposition products 
identified by Southern hybridisation were analysed to demonstrate that integration had 
occurred involving the ends of the terminal inverted repeats of IS6110 and not by a 
random illegitimate recombination process occurring within the IS element itself. In 
this study the transposition products derived from M. sineginatis transformed with 
vector pUS 1846 were analysed. A double copy of IS6110 is present in these strains in 
an inverted orientation, with respect to each other, representing two IS6110 end/ 
chromosomal DNA junctions (figure 4.4Q. Therefore, the strategy employed in this 
study involved the isolation and separation of these junctions by mixed linker PCR 
(MLPCR) amplification of the two junctions from the chromosome using 
oligonucleotide primers specific to the left end of each IS element representing the 
chromosomal junction. 
Mixed linker PCR (MLPCR) is a method originally used by Haas et al. (1993) 
for rapid fingerprinting of M. tuberculosis isolates based on IS6110 RFLP patterns. 
The key feature of this strategy is that it allows PCR amplification of multiple 
restriction fragments containing IS6110 and the flanking genomic sequences. The 
mixed linker PCR method was used in this study to amplify fragments possessing the 
transposon end/ chromosomal junctions of the ISGIO composite transposons within 
the M. smegmatis genome. 
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The general procedure of mixed linker PCR is presented in figure 4.7. Genomic 
DNA from individual M. smegmatis transposition products arising from strains 
transformed with vector pUS1846, displayed in figure 4.4A (lanes 7,9,12,3,4 and 
15), were digested to completion with HhaI. These samples were designated 1846M, 
1846/T2,1846/T3,1846/T4,1846/T5,1846/T6 respectively. Mal cuts GC-rich 
mycobacterial DNA frequently, generating fragments approximately 100 bp to 600 bp 
in size. A double stranded oligonucleotide linker with a compatible terminus to 11hal- 
restricted DNA was ligated to the genomic fragments, without reconstitution of tile 
restriction site after ligation. One oligonucleotide of this linker was synthesised with 
uracil instead of thymidine. The uracil-containing strand was subsequently eliminated 
from the reaction by uracil. N-DNA glycosylase. This step was followed by PCR using 
an ISGIO specific primer (SEQI) and a linker primer (IS09-92). This linker primer 
has an identical sequence to that of the thymidine containing strand of the linkcr 
(IS08-92), except without the two nucleotides complementary to the 3' overhang 
created by restriction with HhaI. In the first PCR amplification cycle, only genomic 
fragments containing IS6110 sequences can serve as templates for the IS6110 primcr, 
SEQI. The annealing target for the linker primer was regenerated by extension of 
these specifically primed sequences. The resulting PCR products were reamplified in 
a semi-nested amplification using a second primer specific for IS6110 (SEQ3) and the 
linker primer, IS09-92. 
The results of the mixed linker PCR are presented in figure 4.8A. Lanes 1,2,3, 
7,8 and 9 show the bands PCR-amplified from six different IS6110 transposition 
products (I 846/Tl, 1846/T2,1846/T3 1846/T4,1846/T5 and 1846/T6), corresponding 
to the IS6110 end/ chromosomal junctions. Lane 1,7,8 and 9 show 2 fragments and 
lanes 2 and 3 also show two fragments, but of similar size. All these bands range in 
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Figure 4.7: Schematic diagram of' mixcd linker PCR. A) 
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Figure 4.8: Mixed linker PCR amplification of' iSOI/O compositc transposon end/ 
chromosomal DNA junctions. A) Lane M is markcrýX/Haelll, lanes 1-3 and 7-9arc 
PCR amplified composite transposon end/ genonlic DNAjunctlons From transpositioll 
products 1846M, 1846/T2,1846/1'3,1946/1'4,1846/'1'5 and 1846/T6 respcctively. 
Lane 4 isthe leftendof IS987(IS6/10)FromM. bovislIC(i, lane5 isaniplificatimi from 
untransformed M. smegmalis genornic DNA and lane 6 is tile IICR reaction withoutany 
DNA template. B) Diagram of IS6110 composite transposon displaying the 11CR 
amplified flanking genomic regions. 
112 
%1 12 .1 .1s 
Chapter 4: Stimulation qf Trall. vp(Isilion by En vironniental ructors 
size from approximately 90 bp to 250 bp. Two fragments of varying size were 
expected, corresponding to the two IS6110 end/ chromosomal junctions of the 
composite transposon as presented in figure 4.8B. However, only one band was 
observed for 1846/T3 (lane 3), possibly due to the preferential PCR amplification of 
one of the junctional fragments, usually the smaller fragment. The amplified fragment 
sizes were in the range expected by HhaI restriction of the M. smeginatis genomic 
DNA from the transposition products analysed. Samples 1846/T] and 1846/T2 (lanes 
I and 2) showed similar fragment sizes although they were derived from separate 
transposition products. However, the fragments observed were not of the size 
expected if any pUS1846 vector sequence was present. As 111taI cuts mycobacterial 
DNA very frequently, it is conceivable that these two different transposition products 
may have resulted from insertions into the chromosome with 1111al sites at very 
similar distances from the IS6110 ends, thus displaying similar MLPCR patterns. 
Lane 4 is the positive control M. bovis BCG possessing a single copy of IS6110 
(IS987). A single band corresponding to the left end of the IS element was observed, 
approximately 110 bp in size, as expected. Lane 5 is MLPCR amplified genomic 
DNA from untransformed M. smegmatis and lane 6 is the PCR reaction lacking any 
DNA template. The faint bands present in each of these lanes (<72 bp) correspond to 
primer and primer dimers which are also very faintly visible in all other lanes. 
The IS6110 primer used for the first PCR reaction (SEQI) was specific to the 
left end of the IS element, adjacent to the left inverted repeat. The IS6110 primer used 
in semi-nested amplification (SEQ3) was specific to the inverted repeat sequence. Tile 
resulting fragments amplified varied in size between the transposition products 
analysed and these were not of the size expected if any pUS 1846 vector backbone 
sequence had integrated into the chromosome by mechanisms other than 
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transposition. These results demonstrate specific amplification of the junction 
between the inverted repeat ends of the IS6110 composite transposon and the 
chromosomal junction. This suggests that integration of the ISGIO composite 
transposon into the M. smegmatis genome involved the ends of the outside inverted 
repeats, consistent with transposition. 
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AA DISCUSSION 
4.4.1 Stimulation of transposition by environmental factors 
The papillation assay was used in conjunction with a range of environmental 
stresses in an attempt to stimulate transposition of IS6110 in M. smeginatis. These 
environmental stimuli included nutrient deprivation, cold shock and microacrobic 
shock. The early onset and high level of papillation was observed from lawns initially 
exposed to a microaerobic atmosphere for 48 hours and separately tested with all 
IS61 10 composite transposons. Strains tested with plasmids pUS 1846, pUS 1847 and 
pUS 1849 were analysed by Southern hybridisation, but only pUS 1846 and pUS 1847 
derived papillae revealed the presence of IS6110-mediated transposition products. No 
transposition was evident for strains derived from plasmid pUS 1849. The 
transposition products identified may be explained by insertion of only the IS6110 
composite transposon into the M. smegmatis chromosome with loss of the vector 
backbone. The transposition products observed are consistent with a conservative 
&cut-and-paste' mechanism, also displayed by many IS elements of the IS3 family, of 
which IS6110 is a member. However, the consequence of a resolved cointegrate 
product, formed by a replicative transposition mechanism, cannot be completely 
dismissed. All transposition products resulted from random, independent events at 
approximate frequencies of 3.64XIO-5 for pUS1846 derived strains and 1.55XIO-5 for 
pUS1847 derived strains. This corresponds to an approximate 2-fold greater 
frequency of transposition for strains derived from plasmid pUS1846. The papillae 
examined were initially streaked onto kanamycin nutrient agar to isolate single 
colonies prior to genomic extraction from a homogeneous culture. The true 
transposition frequencies from this assay may actually be higher due to the 
heterogeneous nature of individual papillae as discovered in chapter 3. The 
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transposition frequencies calculated are only very approximate as the number of 
viable cells on the plate during the incubation period at 39"C remains unknown. 
Although the inoculum size for the lawn culture was calculated using surface viability 
counts, the actual number of viable cells during the course of the experiment needs to 
be measured as these are capable of generating papillae. Previous studies by 
Fomukong and Dale (1993) demonstrated transposition of IS6110 using non- 
replicating, suicide vectors, however, the frequency of transposition was extremely 
low (1-2 events gg" DNA). The transposition products identified included tile result 
of conservative integration as well as cointegrate structures and illegitimate 
integration involving the vector backbone. This is in contrast to the results obtained in 
this chapter using a replicative vector which generated a larger number of 
transposition events all of which were of the conservative type and no integration via 
the vector backbone was detected. 
The differences in transposition frequencies observed between strains derived 
from pUS1846 and pUS1847, along with the absence of transposition from strains 
derived from pUS1849, may be explained by the requirement for external 
transcriptional activation and the orientation of IS6110 elements within the respective 
composite transposons. Vectors pUS1847 and pUS1849 both contain two copies of 
IS6110, present as direct repeats, thus are susceptible to rearrangements involving 
homologous recombination. This would result in excision of the aph gcne and licnce 
may explain the lower proportion of transposition products obtained from the sample 
of papillae analysed from vector pUS1847 as compared with vector pUS1846. A 
diagrammatic comparison of IS6110 orientations within plasmids pUS 1846, pUS 1847 
and pUS1849 is displayed in table 4.1, showing possibilities for external 
transcriptional activation of the IS elements. 
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Table 4.1: Frequency of IS61 /0 transposition detected firom composite transposons 
with differing orientations of IS clements Lind the possibilities ofexternal activation. 
Vector I Possible external activation 
pUS1846 1 
l> s6116 
. 
aph 
. 
Is6110 e 
ý lo. IS6,110 aph IS61,0 
pUS 1847 . 411mmllllmý 
IS6110 aph istillo 
pUS 1849 10 
pUS 1845 
llý mph IsAiin 
, 
Results ofTnonspoAtion Assay 
3.64x 10' 
1.55x 10' 
No Iramposition pioducts 
delected bN Soullieni analysts 
from papillac 
No papilke ohNerved 
allef II daýs al IcAl 1"11% 
lolipciattlic 
Among the common leatures shared by vectors pt IS 1846 and pt IS 1847. fironi 
which transposition was derno nst rated, is the orientation ol'thc right IS6//0 element. 
The ori region from the 1.6 kb mycobacterial origin ol'replication is directly adjacent 
(upstream) to the right IS6//0 element. The IllYcobactenal origin is downstream of' 
the right IS element of'pIJS1849 which displayed no IS6//O transposition. The lac 
promoter (PLAC), originating firom tile lacAr gelle Of tile pU('19 -, 'CC(01- base, 
appeared not to be involved in external activation, although it is located UpStf-Cain 01' 
the left IS element in vector pUS1849. Therefore, it is possible that transcription 
originating from the 1.6 kb mycobacterial origin of' replication is responsible for the 
expression of the transposase oftlic right I S6110 element, reSLI It illg In tl-, IIISI)OS It 1011 01' 
the composite transposon. Previous studies on composite transposon TOO, containing 
two flanking copies ol'IS10, have shown that only one of these copies is active and 
transposition is driven by this active IS element (Foster el al. 198 1 ). Thcrclbrc. the 
active IS element can complement the inactive clement resulting in transposition of' 
the entire composite transposon. It is conceivable that the 1.6 kh origin may contain 
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mycobacterial. promoters that are active when tested in M. sinegmatis. The region of 
the mycobacterial origin immediately adjacent to the right IS6110 element in vectors 
pUS1846 and pUS1847 is the ori region. This region has been identified by Stolt and 
Stoker (1996a and 1996b) to contain repeated sequences and protein binding sites 
which may allow RNA polymerase binding and hence transcription. 
The majority of IS elements possess endogenous promoters which are generally, 
at least partially, located in one (or both) terminal inverted repeats. No promoter has 
at present been identified within IS6110. Many prokaryotic IS elements, for example 
ISIO, also possess mechanisms to protect against fortuitous activation by external 
promoters (Davis et al. 1985). Such mechanisms include premature termination of tile 
readthrough transcripts before they traverse the transposase gene. However, IS 
elements have been identified which are susceptible to external transcriptional 
activation. An example of this is the M. fortuituin insertion sequence, IS6100, where 
transposition has been increased 100-fold by external transcription from a thiostrepton 
inducible promoter (Smith and Dyson, 1995). 
The absence of IS6110 transposition, as indicated by the late onset of 
papillation (34-48 days), was detected for lawns subjected to the range of nutrient 
deprivation. No papillae were observed on the lawns transferred to plates with 
limiting carbon sources over the duration of the assay, probably due to an inadequate 
supply of carbon, thus preventing growth of papillae. This particular assay may be 
improved by exposing the lawns to only a short period of carbon limitation. Also, 
cold-shock failed to stimulate IS6110 transposition. In this study only a2 day 
microaerobic-shock appeared to stimulate transposition of IS6110, with papillation 
observed after 2 weeks. This is still a considerable length of time for a fast growing 
species of mycobacteria to display papillation. The lawns are effectively in a non- 
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growing state at the restrictive temperature and are under a variety of growth stresses 
over the duration of the assay, which may also influence the stimulation of 
transposition. It is important to note that transposition was not detected when using 
the subculturing assay in chapter 2, where M. smegmatis strains possessing the 
composite transposons were actively growing. Therefore, a microaerobic environment 
with the cells in a non-growing state, alongside the possible requirement of external 
activation, may be responsible for the transposition of IS6110 in this papillation assay. 
4.4.2 Analysis of composite transposon end/ chromosomal junctions 
Further investigation of the IS6110 transposition products was pcrformcd in 
order to confirm that the integration events into the M. sineginatis chromosome that 
had occurred involved the ends of the terminal inverted repeats of IS6110 and were 
not random illegitimate recombination processes occurring within the IS element 
itself. Two copies of the IS6110 element (forming the composite transposon) have 
been inserted into the M. sinegmatis genome, therefore two IS6110 end/ chromosomal 
DNA junctions are present. Thus, a strategy needs to be employed to isolate and 
separate these junctions for further analysis. 
The mixed-linker PCR (MLPCR) method was employed as a strategy for direct 
amplification of the two IS6110 end/ chromosomal junctions. This method was 
originally used by Haas et al. (1993) for rapid fingerprinting of M. tuberculosis 
isolates. The MLPCR used one primer specific for IS6110 and a second primer 
specific to one strand of a synthetic double stranded linker ligated to the genomic 
restriction fragments. This procedure allows the specific elimination of the target of 
the linker primer by treatment with uracil N-glycosylase. Subsequent PCR 
amplification involved using the 'hotstart' method which prevented the unspecific 
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recreation of the complimentary linker strand by filling in of the resulting 3' recessed 
ends by Taq polymerase. The genome was digested using Mal which has a GC rich 
recognition site and generates small fragments of mycobacterial DNA, typically 100- 
600 bp in size. Two bands corresponding to the PCR amplified IS6110 chromosomal 
junctions were observed for most samples. However, only one band was evident in 
one sample, possibly due to the preferential amplification of the particular fragment. 
The IS6110 primer used for the first PCR amplification was specific to the lcft 
end of the element, adjacent to the inverted repeat. The IS6110 primer used for 
subsequent semi-nested amplification was specific to the inverted repeat sequcnce and 
generated 2 bands of varying size. The successful amplification confirms the presence 
of the outside inverted repeat ends of the ISGIO composite transposon suggesting 
these to be the chromosomal junctions. Therefore, integration of the IS6110 
composite transposon into the chromosome must have involved the outside cnds (left 
inverted repeats) of the two IS elements, consistent with transposition. 
The Southem anlaysis data of BamHl restricted genornic DNA samples of these 
transposition products demonstrated loss of the pUS1846 vector backbone. This was 
shown by the absence of the variable fragments hybridising to the pUS 1843 probe 
(vector minus IS6110 sequences), suggesting that insertion of the composite 
transposon had occurred within the IS6110 elements or at the very ends of tile 
composite transposon. The internal BamHI fragment of the composite transposon, 
corresponding to the aph gene, was of the expected size (2221 bp) and conserved 
among all transposition products examined. This fragment hybridised to both the 
pUS1843 and IS6110 probes, as expected. This data again suggests that integration 
had occured involving the ends of the IS6110 composite transposon. Using the entire 
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IS6110 element as a probe, 2 variable bands' were evident uniquely hybridising to 
this probe, together with the absence of the 895 bp band in 12 out of 14 samples 
examined in figure 4.4A. This fragment corresponds to the right end of the composite 
transposon and the BamHI site in vector pUS 1846 at position 1877 (figure 4.4B). This 
indicates that the linkage between the BamHI sites at positions 2772 and 1877 had 
been broken by integration-recombination and is consistent with a transposition event 
involving the end of IS6110. The BamHI site at position 1877 on vector pUS1846 
(figure 4.413) is located only 10 bp outside the composite transposon, at tile end of the 
right IS6110 element. Therefore, any integrative events must have involved this end 
of the IS element, resulting in loss of this BamHI site on forming a junction with the 
chromosome. This data, togethter with MLPCR amplification using a primer specific 
to the outside inverted repeats, confines the point of integration into tile chromosome 
at the outside inverted repeat ends of the composite transposon. This indicates that 
integration of the IS6110 composite transposon into the A s? negnialis chromosome 
was by a transposition mechanism. 
' In two lanes of figure 4.4A, additional variable bands were identified that uniquely hybridiscd to the 
IS6110 probe, which probably represents multiple integration events. 
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CHAPTER5 
CONTROL OF TRANSPOSITION BY PROGRAMMED 
TRANSLATIONAL FRAMESHIFTING 
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5.1.1 General introduction 
Sequence analysis of the insertion sequence IS6110 has identified two partially 
overlapping open reading frames, designated ORFa and ORFb. These are present in 
the 0 and -1 reading frames respectively, and separated by a termination codon in the 
ORFa reading frame. Within the region of overlap, a heptanucleotide sequence, 
TTTAAAG, has been identified, characteristic of a ribosome frameshift site, as 
displayed in figure 5.1 (McAdam et al. 1990; Thierry et al. 1990; 11crmans et al. 
1991). Such a layout has been identified within a range of IS elements and is involved 
in the control of expression of transposase, the IS-encoded enzyme necessary for 
transposition. Translational control of transposition by frameshifting has been 
demonstrated both for IS] (Sekine and Ohtsubo, 1989) and for members of the IS3 
family (Vogele et al. 1991; Polard et al. 1991), of which IS6110 is a member. It has 
therefore been proposed (McAdam et al. 1990) that transposition of IS6110 may 
similarly be controlled by ribosomal frameshifting. 
The frameshift site in these IS elements stimulates a backward (-I) slippage of 
the ribosome during translation elongation, thus bypassing the downstream reading 
frame termination codon, resulting in a transframe protein composed of part of the 
upstream ORF fused to the second downstream domain. This regulation permits 
expression of two alternative proteins with different combinations of domains from a 
single, relatively small, mRNA transcript. Also, the amount of the two proteins 
produced relative to each other can be controlled. In the case of IS], the upstrcam 
frame carries a DNA recognition domain and the downstream frame carries the 
catalytic site. Expression of the upstream frame gene product alone, acts by binding to 
the terminal inverted repeats and competes with the fusion gene product (the 
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Figure 5.1: Layout of IS6110 ORFa and ORFb in the 0 and -1 reading phases 
respectively. The putative frameshift sequence'l"FIAAAG is present in the overlap of 
the two open reading frames. The left (I R I. ) and right (I RR)ternlinal inverted rcpeats are 
alsodisplayed. 
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transposase) for these sites (Machida and Machida, 1989; Zerbib et al. 1987). Thus, 
transposition is thought to be controlled at the translational level by a balance between 
the expression of these two gene products(Escoubas et al. 1991). Such a system of 
control at the translational level is not unique to IS elements, but is also present in a 
variety of plant and animal retroviruses such as HIV, and retroid transposable 
elements such as the Saccharomyces cereviside Ty element, in some cases involving a 
+1 ribosomal slippage. In the case of retroviruses, ribosomal frameshifting results in 
the expression of a gag-pol fusion protein which is a fusion of viral core proteins 
(gag) and the viral reverse transcriptase and integrase functions (pol). Similar fusions 
from the overlapping tyA and tyB genes are also expressed in the S. cerevisiae Ty 
elements as a result of ribosomal frameshifting. 
5.1.2 Mechanisms of translational frameshifting 
Control of transposase expression by ribosome frameshifting has been observed 
in several IS elements. The sequence that stimulates backward (4) slippage of 
ribosomes is a heptanucleotide of the type YYYXXXZ, where X, Y and Z can be any 
nucleotide, for example, in ISI the sequence is AAAAAAC and the putative IS6110 
sequence is =AAAG. Backward slippage of tRNAs at the peptidyl (P) and 
aminoacyl (A) sites within the ribosome occur simultaneously where both tRNAs are 
able to maintain a stable interaction before and after slippage. This is possible as the 
first two nucleotides of codons from both A and P tRNAs are identical in each case 
(figure 5.2A). Codon usage at the frameshift site can also cause the ribosome to pause 
thus increasing the probability of slippage. This is the case for the E. coli dnaX gene, 
which appears to lack the tRNA with the matching anticodon (CUU) for decoding the 
AAG codon present within its frameshift site. The frequency of frameshifting can also 
GCG ATY YYXXXZA CCG CC 
0 
pA 
-K x Z, 
6CG ATY'ý ACC6 C(y 
0 
pA 
v 'X xi 
0C (i ATY XZAC CO CG 
0 
pA (I V) 
V 
(i CG A'fY ýYXZA CCG C(; 
B) 
stem-loop 
(I 
A 
A 
5' Vi 3' 
mRNA tmnscript 
Figure 5.2: A) The backwards (-I) slippage of a ribosome. (1) Frameslill't signal 
YYYXXXZ, with the 0 reading frame shown in blu and tile -I reading frarne shown ill red. 
(11) Ribosome peptidyl (P) and aminoacyl (A) tRNA sites present in the 0 reading firame oil 
the mRNA strand. Codon/ anticodon pairing ol'IRNAs is displayed by tile green asterisk. 
(111) Unpairing of the Ycodon and the 5'anticodon base permits backward (- 1) slippage, as 
indicated by the arrow. (IV) Ribosome rcphased in the -1 reading franic. 11) Franleshil't 
sequence AAAAAAG from IS911 mRNA transcrpit showing stern-loop structure with tile 
upstream 0 reading frame stop codon, UAA (Polard el al., 1991). A backward, - 1, ribosome 
slippage at the frameshift site, enhanced by the stern-loop structure, results in the by-pass of 
the 0 readingframe termination codon (UAA). 
126 
Chorli'l "I., (. owrol oi I 1, N Ili ogi ,. wirled Two. -do1w, tal I'le"iti, 
be influenced by other factors, such as mRNA secondary structures located 
immediately downstream of the frameshift site. These structures include stemloops 
and pseudoknots which cause the ribosomes to stall (figure 5.213). Such structures 
have been shown to affect the efficiency of frameshifting in IIIV-1 (Bidou et al. 
1997) and in IS] (Escoubas et al. 1991). The frequency of frameshifting detected 
varies among the IS elements studied thus far, from approximately 1% for ISI 
(Escoubas et al. 199 1), to 50% in the case of IS 150 (Vogele et al. 199 1). 
5.1.3 Aims 
IS6110 displays a similar open reading frame layout to a multitude of IS 
elements, including the presence of a putative frameshift site. Therefore, it has been 
proposed that ribosomal. frameshifting may be involved in the control of transposition 
of IS6110 (McAdam et al. 1990). Although ribosomal frameshifting has bccn 
demonstrated in various elements, including members of the IS3 family, no 
frameshifting has yet been demonstrated in IS6110. The region cncompassing the 
putative frameshift site of IS6110 was fused to the IacZ rcporter gcne in all thrce 
reading frames to test for the presence and direction of ribosomal slippage. The assays 
were performed in M. smegmatis using varying culture volumes, and in mid-log and 
stationary phases, to test if the physiological state of the cells had any effect on 
frameshifting. 
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5.2.1 Oligonucleoticle primers 
Primer Sequence (51-31)' Details' 
Fs(+I) ACATGCATGCGTGCTGGCCGGTCG ISNIO nt 845-859 (complemcntary). 5' 
A Sphl sitc. 
Fs(-I) ACATGCATGCGCGTGCTGGCCGGTC IS6110 nt 847-861 (complcmcntary). 5' 
Sphl sitc. 
Fs(O) ACATGCATGCCGTGCTGGCCGGTCG IS6110 nt 846-860 (complcmcntary). 5' 
Sphl sitc. 
FsF CGGGATCCGAAGCGCTTGCGGCGO IS6110 nt 762-777.5' Bamill sitc. 
LacZ GGGTTITCCCAGTCACGA Promotericss IacZ nt 15-32 
(complemcntary) squencing primcr. 
5.2.2 PCII-amplification of IS6110frameshift region 
PCR-amplification of the approximately 100 bp frameshift region of IS6110 
was achieved using primer FsF paired separately with each of the primcrs Fs(+I), Fs(- 
1) or Fs(O). Reaction conditions consisted of an initial denaturation step at 95*C for 2 
minutes, followed by 35 cycles with denaturation at 9511C, primer annealing at 58*C 
and extension at 72*C each for I minute. The final cycle was cxtcnsion at 72"C for 3 
minutes. Taqplus DNA polymerase (Stratagene) with proof-rcading activity was used 
to minimise errors. 
" Non-homologous sequences underlined with restriction endonucicase recognition sites in bold. 
b Nucleotide positions for ISVIO refer to published IS987 sequence (IIcrmans et al., 1991, GcnDank 
X57835) as this is the correct sequence of IS61101 IS986. 
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5.2.3 P-Galactosidase assay with ONPG substrate 
Assays were performed basically as described by Miller (1972). Cultures of M. 
smegmatis mc 2 155 were grown to mid-exponential phase (A6000.8) or to stationary 
phase (A6001.9) from which a given volume was diluted in Z buffer (60 mM Na2IIPO4, 
40 MM NaH2P04,10 MM KCI, 1 MM M9S04,50 MM ß-mercaptoethanol) to a final 1 
ml volume. Cells were permeabilised with 2.0% (v/v) chloroform and 0.001% (v/v) 
SDS and the solution equilibrated at 28"C for 5 minutes. The substrate, ONPG (o- 
nitrophenyl-o-D-galactopyranoside) was then added to a concentration of 0.8 mg ml*l 
and the reaction carried out at 28'C until sufficient yellow colour had developcd as a 
result of hydrolysis of ONPG by P-galactosidase. The reaction was stopped by the 
addition of 500 gI IM Na2C03 and the solution centrifuged at 10 000 g for 2 minutes. 
The A420 of the supernatant was measured and the P-galactosidase activity expressed 
in Miller Units using the following equation: 
A4200 000) 1 (tV)A600 ý P-galactosidase activity (Miller Units), 
where t= incubation time (minutes) and v= volume of culture (ml). 
5.2.4 P-Galactosiclase assay with FDG substrate 
Cultures of M. smegmatis mc 2 155 grown to the appropriate growth phases were 
adjusted to a cell density of 107 CfU MI-I in Z buffer. Cells were pcrmeabilised with 
2.0% (v/v) chlorofonn and 0.001% (v/v) SDS and the solution cquilibratcd at 37*C 
for 10 minutes. Pre-warmed FDG (fluorescein di-p-D-galactopyranoside) substrate 
was added to a concentration of ImM and the reaction continued at 37*C for I 
minute. The reaction was halted by addition of 1.8 ml ice-cold Z buffer. Tile relative 
fluorescence units (rfu) of samples were measured using a fluorimeter (Jenway 6200) 
which had been calibrated at a maximum level (100 rfu), using cells constitutively 
("hopfrt 'ý. - Comrol 01i halv%w'sillorl 0, Progroulm"d en ýN 
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expressing P-galactosidase and at a minimum level (0 rfu), using Z buffer only. 
Excitation of the fluorescent hydrolysed substrate was achieved at 470 nm and the 
emitted light was measured at 5 10 nm. 
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5.3.1 Construction of IS61 10 f rameshift reporter gene vectors 
The promoterless lacZ, gene lacking translational initiation signals, was cloned 
directly into vector pUS973 (Dellagostin, pers. comm. ) as a Hindill fragment 
generating vector pUS985, as displayed in figure 5.3B. This vector possesses a wild- 
type 1.6 kb mycobacterial origin of replication, kanamycin resistance marker (aph) 
and an in-frame, strong mycobacterial promoter, Phsp60, driving expression of the 
lacZ gene. Translational signals (ATG start site and a ribosomal binding site) were 
provided by the Phsp60. This vector was used as a positive control in subsequent 0- 
galactosidase assays. The negative control vector, pUS986, was identical to pUS985, 
but lacked the Phsp60 promoter and all translation initiation signals. 
The region of IS6110 containing the putative frarneshift signal (McAdam et al. 
1990; Hermans et al. 1991) was PCR-amplified using the sense primer FsF, together 
with each of the separate antisense primers, Fs(+I), Fs(O) and Fs(-I) to generate 
fragments of sizes 116 bp, 117 bp and 118 bp, with a 5' DamIll site and a 3' SIMI site. 
The amplified region from IS6110 is displayed in figure 5.3A. The amplified section 
corresponds to the ORFa/ ORFb reading frame overlap (position 762 to 861) 
encompassing the putative frameshift sequence and approximately 45 bases of 
downstream sequence. Incorporation of the downstream sequence was necessary as it 
is known from other systems that downstream sequence structures, for example 
mRNA secondary structure, can influence translational frameshifting. The length of 
the downstream sequence (45 bases) was the maximum length possible that does not 
contain any translational stop codons, which can affect expression when fused to 
ORFa 
IRL IRR 
ORFb 
PCR-amplified region 
FsF 
F( 'GC(; GC(VAk ;11, 
Fs(O) 
Fs(-l) 
B) 
aph 
pUS973 ornoterless facZ 
3985 bp 3073 bp 
(+)My- . MIS 
I 'hsp60 
mlE I( -)myco 'X' / 
PUS98W6 
7058 bp 
cod I 
IS6110 frameshift signal 
PhSp6o 
(+)Myco-of I 
pUS986(+I), (-I), (O) hcz 
-7139 bp 
I 
aph 
Figure 5.3: A) PCR- amplifed region of ISOM ()RI`a/()RI-'b overlap containing the 
putative frameshift sequence, 'VI-lAAAG (displayed in red). Binding positions of'-, III 
primers are displayed as blue arrows. B) Construction of' reporter gene vcctors. A 
promoterlesslacZ gene was inserted into vector pUS973 (Dcllagostin, pers. cornin. ) as 
a Hindill fragment generating vector pUS985. The PCR-arnplificd Cragniclits offlic 
IS6110 putative frameshift region were separately inserted as 5'/? 1 iin 111 - 3'Sph I 
fragments into vector pUS985 generating the vectors pt JS985(4-1 ), pt I S985(-l ) and 
pUS985(0). This resulted in translational fusions ofthe amplified regions to the lacZ 
gene in all 3 reading frames. 
Pt, sp6o 
RBS B., wl i o) V 
Sph 1129) 
LL- "', , 
132 
Hamll I 
F-- I 
MAKTGDPKRLRRDNAELRRANA 
ATF; GCC AAG ACG GGG GAT CCG AAG CGC TTG CGG CGG GAC AAC GCC GAA TTG CGA AGG GCG AAC GCG 
ILKTAsAFFAAELDRpAR 11 A 1. pUS985(0) 
MLTJýTAAýAdG, ACC GCG TCG GCT TTC TTC GCG GCC GAG CTC GAC COO CC. A GCA + CG. A I' 
RMQAw PUS985(+I) 
+ CGC ATG CAA GCT TGG T, 
RACK 11 G 
+ CGC GCA TGC AAG CTT GGT pUS985(-l) 
Spill 
RBS 
Phsp6O 
(+)myco-ori 
lacz 
pUS985 
7058 bp 
colEl 
aph 
Figure 5.4: Sequence of the putative firarneshift region from ISOM (ill black bold). 
fused to the lacZgene in vector pIJS985. Thc frarneshi I't region was fused ill tile 0.1 1 
and -1 reading phases with respect to the first infranic translated codon ol'thc hIcZ 
gene (GTC, valine) shown in blue. The nucleotide sequence ofthe PLItatIVC frallicsill I't 
region/ IacZ fusion from vectors pt JS985(0), pt JS985( II) and pt JSO85(-l ) is 
displayed along with the amino acid sequence. The start codon (Al'G) supplicd by (11c 
Phsp60 fragment is displayed in green. Thc IS6//O franieshil't scquence is shown in 
boxed blue. 
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a reporter gene. The open reading frame sequence and nucleotide positions given, 
refers to the published IS987 sequence (Hermans et al. 1991, GenBank X57835), as 
this is the correct sequence of IS61101 IS986 (see chapter 2). 
The three amplified fragments were separately cloned into vector pUS985 in 
between the promoter Phsp60 and the lacZ gene (figure 5.3B). This generated a set of 
translational fusions with the frameshift regions present in the ORFa reading framc, 
and also in the +1, -1 and 0 reading phases, with respect to tile first in-frame, 
translated codon of the IacZ gene (GTC, valine). These vectors were designated 
pUS985(+I), pUS985(-I) and pUS985(0) respectively. The translational fusion 
regions of all constructed vectors, including controls pUS985 and pUS986 were 
confirmed using the sequencing primer, LacZ, which provided the scqucnce to all 
regions adjacent and upstream of the IacZ gene. Translational fusion scqucnccs of the 
IS6110 frameshift regions, separately cloned into vector pUS985, arc prcscnted in 
figure 5.4, displaying the ATG start codon, frameshift signal and tile first in-frame 
translated codon of the lacZ reporter gene. All vectors were subsequently used to 
transform competent M. smegmatis mc 2 155 by electroporation. 
5.3.2 Test for translational frameshifting using ONPG substrate 
M. smegmatis mc 2 155 transformants scparatcly harbouring vcctors pUS985(+1), 
pUS985(-I) and pUS985(0), possessing the IS6110 frameshift region fused to tile 
IacZ gene in the respective reading frames, were cultured in kanamycin-supplemcntcd 
nutrient broth at 371C. Cultures with vector pUS985, constitutively expressing the 
lacZ gene from the Phsp60 promoter with no intervening frameshift region, was used 
as the positive control. Cultures with vector pUS986, lacking the Phsp60 promoter 
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and all translation initiation signals required for 1acZ gene expression, were used as 
the negative control. 
All strains were grown to both mid-log and stationary phases in 5 ml and 15 ml 
broth, and assayed for P-galactosidase activity using ONPG substrate. As 
transposition of IS6110 was previously detected with microaerobic stimulation (see 
chapter 4), increasing the volume of the broth to 15 ml in a 20 ml tightly sealed 
universal tube and incubation with reduced shaking (60 rpm), was used to 
approximately generate such an atmosphere. The 15 ml cultures took approximately 
18 hours longer than the 5 ml. cultures to reach the appropriate cell densities at which 
P-galactosidase activity was assayed. The results of the assays are presented in figure 
5.5. At both mid-log and stationary phases for 5 ml and 15 ml cultures, a high level of 
P-galactosidase activity (upto 250 Miller units) was identified in strains harbouring 
the positive control vector, pUS985 and in strains harbouring vector pUS985(0). This 
was as expected, as the IacZ gene from vector pUS985 (positive control) was 
constitutively expressed by the promoter Phsp60. Vector pUS985(0), possessing tile 
IS6110 frarneshift sequence fused to lacZ in the zero reading frame, showed a similar 
level of activity to pUS985 as expected. 
Vectors pUS985(+I) and pUS985(-I), with the IS6110 putative frameshift 
sequence fused to lacZ in the +1 and -1 reading frames respectively, showed no 
increase in P-galactosidase activity above that of the negative control vector, pUS986 
(upto 6 Miller units) in both mid-log and stationary phases for 5 rnl and 15 ml 
cultures. If the IS6110 putative frameshift site had promoted a -I ribosome framcshift, 
then an increase in P-galactosidase activity, dependent on the frcqucncy of 
frameshifting, would have been detected from cultures harbouring plasmid pUS985 
(+I) as the sequence downstream of the frameshift site would now be in the zero 
Cl. kapWr, i: COntrol off'r,, lit, position bv Prograwnwel Tianslafi('rial h cenwshi! "Itirg 
reading frame with respect to the first in-frame translated codon of IacZ (GTC, 
valine). However, the results of this assay suggest that no ribosome frameshifting was 
detectable under the given conditions. The low level of P-galactosidase expression 
detected from plasmid pUS986 (negative control), suggests a low level of rcadthrough 
from an external promoter. Therefore, if any frameshifting had occurred, it was at a 
level less than that detected for vector pUS986, (--5 2%). If the level of P-galactosidase 
activity is less than this level, then a more sensitive method needs to be utilised for 
detection. 
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Figure 5.5: Measurement ofP-galactosidase activity in Al. snieginafis inc2155. firom 
hydrolysis of ONPG substrate to quantify the level of' translational 1raniesiliffing 
occurring from the IS6110 putative frameshifl sequence flused to the lacZ reportcr 
gene. Vectors pUS985(+I), pUS985(-]) and pUS985(0) represent the IS6/ 10 putative 
frameshift sequence fused to the IucZ gene in the three respective reading frames. 
Vector pUS985 harbours the IacZ gene constitutively expressed by promoter llisp60 
(positive control) and vector pUS986 possesses a promoterless luel gene (negative 
control). Blue bars indicate cultures assayed in mid-log phase and red bars indicate 
cultures assayed in stationary phase. A) Strains Cultured in 5 in[ broth. 11) Strains 
cultured in 15 ml broth. Both graphs represent the mean of' 7 independent 
experiments. 
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5.3.3 Test for translational frameshifting using FDG substrate 
To test for the occýrrence of a low level of translational frameshifting, M. 
smegmatis strains separately harbouring plasmids pUS985(+I), pUS985(-I), 
pUS985(0), pUS985 and pUS986 wcrc grown to both mid-log and stationary phascs 
in 5 ml and 15 ml broth, and assayed for P-galactosidase activity using FDG substrate. 
This substrate is hydrolysed by very low levels of P-galactosidase to highly 
fluorescent fluorescein, thus is an extremely sensitive way of mcasuring P- 
galactosidase activity. 
The results of the assay are displayed in figure 5.6. The activity detected for 
vector pUS985(0) shows a level identical to the positive control vector, pUS985 (100 
rfu), as expected. This was evident for samples taken in mid-log and stationary phases 
for both culture volumes. Vectors pUS985(+I) and pUS985(-I), with the IS6110 
putative frameshift sequence fused to lacZ in the +1 and -1 reading frames 
respectively, showed no increase in P-galactosidase activity above that of thc ncgative 
control vector, pUS986, in both mid-log and stationary phases for 5 ml and 15 in] 
cultures. The activity detected from vectors pUS985(+I) and pUS985(-I) were 
similar, suggesting the absence of a -1 (or a +1) ribosomal framcshift under the given 
conditions of this assay. Cultures transformed with the negative control vector, 
pUS986, and assayed under all conditions showed a low level of P-galactosidasc 
activity (<10 rfu). Although this vector possesses a promoterless IacZ gcnc, it is likely 
that a low level of transcriptional readthrough from an external promoter is present. 
Alternatively, the presence of M. smegmatis autofluorescence cannot be ruled out, 
which may also give rise to a high fluorescence background level. Therefore, if any 
frameshifting had occurred, it must still be at a level less than that detected for the 
negative control vector pUS986 (5 10%). 
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Figure 5.6: Fluorimetric measurement of ji-galactosidasc activity in At sineginwis 
me 2 155. by hydrolysis of FD6 to quantify the level of' translational firanieshiffing 
occurring from the IS6110 putative frameshill sequence I*uscd to tile hwZ reporter 
gene. Vectors pUS985(+I), p[JS985(-]) and ptJS985(0) represent the ISOM putative 
frameshift sequence fused to the ltic-Z gene in tile three respective reading fi-ailles. 
Vector pUS985 harbours the lacZ gene constitutively expressed by promoter l, llsp60 
(positive control) and vector pLJS986 possesses a prornoterless lat-Z gene (negative 
control). Blue bars indicate cultures assayed in nild-log phase and red bars indicate 
cultures assayed in stationary phase. A) Strains Cultured in 5 mi broth. 11) Strains 
cultured in 15 ml broth. Both graphs represent the mean (it' 5 independent 
experiments. 
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5.3.4 Secondary structure prediction of mRNA 
The presence of mRNA secondary structures (stem-loops and pseudoknots) 
located immediately downstream of a frameshift site have been shown to directly 
influence the frequency of translational framshifting by causing the ribosome to stall. 
This has been observed in a variety of IS elements including the IS3 family member, 
IS150 (Vogele et al. 1991) and in retroviruses such as HIV-1 (Bidou et al. 1997). In 
these cases the mRNA secondary structure can easily be identified from the sequence 
immediately downstream of the frameshift site, prior to experimental mutational 
analysis on the downstream region to examine the effect on frameshifting frequency. 
This downstream sequence capable of forming a stem-loop is identified by two 
inverted repeat sequences, often up to 15 bases long (stcm) and scparatcd by a 
sequence of varying size (loop). Currently, in IS6110, the possibility of mRNA 
secondary structure formation immediately downstream of the putative frameshift site 
has not been investigated. Therefore, in order to investigate the possibility of stcrn- 
loop formation, a RNA secondary structure prediction program was used, RNA draw 
version 1.0. The sequence analysed was 120 bases inclusive and downstream of tile 
frameshift signal for both IS6110 (nt 798-918, IS987 sequence GenBank X57835) and 
IS150 (nt 521-641, GenBank X07037). Sequence predictions were performcd at 37*C 
and 39'C, however, no differences in the predicted structures were evident at either 
temperature. The results are displayed in figure 5.7. The presence of a stable stem- 
loop structure immediately downstream of the frameshift site for ISI50 is evident 
from the prediction analysis (figure 53A). This is consistent with the structure 
analysed by Vogele et al. (1991) and shown experimentally to have a direct effect on 
ribosomal frameshifting in ISI50. The analysis of IS6110 showed no significant 
mRNA secondary structure immediately downstream of the frameshift site that could 
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Figure 5.7: Theoretical secondary structures ofniRN A from A) IS/ 50,111d I i) ISO //0 
as calculated using the RNA secondary structure prediction prograni. RNAdrI%%'. TIIc 
mRNA sequences for both IS-elements correspond to approximately 120 bases 
inclusive and downstream ofthe respective putative franicshift sequences (displayed ill 
red). The cloned region of IS61/0 in this study Is tile sequence tip to the stop codoll 
(UAA). Boxes correspond to the displayed base. The upstream reading fraille (Olz 1"0 
stop codon is displayed in black. Red lines correspond to G-C pairing, blue lilies 
correspond to A-U pairing and green II ties correspond to possi Me ( i- II pairs. 
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significantly stimulate ribosomal frameshifting at the frameshift site. A small stem- 
loop structure adjacent to the putative frameshift site is possible, but this only consists 
of a3 bp stem and is therefore unlikely to be stable enough to cause the ribosome to 
stall. A more stable structure is generally required, consisting of around a 12 bp stem, 
as identified for IS150 (Vogele et al. 1991) and HIV-1 (Bidou et al. 1997). Therefore, 
it is unlikely that mRNA secondary structure plays a significant role in ISGIO 
translational frameshifting. 
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54 DISCUSSION 4 
5.4.1 General discussion 
The insertion sequence IS6110 possesses 2 open reading frames designated 
ORFa and ORFb that are present in the 0 and -1 reading phases respectively, 
separated by a termination codon in the ORFa frame. Expression of the IS6110 
transposase, and hence transposition of the element, has been proposed to occur by a- 
I ribosome slippage at a particular site in the ORFa/ ORFb overlap region rcsulting in 
a ORFa/ ORFb fusion gene product (McAdam et al. 1990). The rcgion of IS6110 
encompassing the putative ribosomal frameshift site (TTTAAAG) was PCR-amplified 
and fused to a 1acZ reporter gene in all 3 possible reading frames. The level of 
translational frameshifting was measured by P-galactosidase activity using ONPO or 
FDG as substrates. No frameshifting was evident for strains cultured in 5 ml and 15 
ml broth, assayed in both mid-log and stationary phases, using ONPG or FDG 
substrates. Cultures transformed with the negative control vector pUS986 gave a 
background level of P-galactosidase activity when assayed with ONPG or FDG 
substrates, although no promoter was present driving expression of the IacZ gene. 
This can be explained by the presence of a low level of transcriptional readthrough 
from an external promoter. The activities detected were similar to the levels obtained 
for vectors pUS985(+I) and pUS985(-I). Although FDG was used as a more sensitive 
substrate, it gave no increase in sensitivity due to a relatively high background signal, 
possibly caused by M. smegmatis autofluoresence. 
The absence of a detectable level of frameshifting in 5 ml culturcs in mid-log 
growth phase is consistent with the absence of transposition of IS6110 detected using 
a transposition assay incorporating actively growing cultures (see chapter 2). 
Transposition of IS6110 was demonstrated in non-growing cultures stimulated with 
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an initial microaerobic shock (see chapter 4). In order to generate similar conditions in 
the broth cultures used for the frameshifting, strains harbouring the reporter gene 
vectors were grown in a larger volume of broth (15 ml in 20 ml tube) and assayed in 
stationary phase. Still no frameshifting was detected. This may be explained by the 
inability to recreate the exact environment that may promote a frameshift event. 
Previous studies by Barak et al. (1996) have demonstrated a significant increase 
in -1 ribosome slippage occurring in stationary phase cultures in E. coli, occurring at 
the frameshift site TTrCAAG. Enhanced frameshifting has also been suggested as a 
factor in increased synthesis of the IS3 transposase, occurring in stationary phase cells 
(Fennewald et al. 1981). In this study, M. smegmatis cells were assayed for P- 
galactosidase activity when culture density had reached A6001.9, at which point after 4 
hours, the absorbance did not change. This point was assumed to be stationary phase, 
occurring 36 hours after initial inoculation. Data obtained by McBride (pcrs. comm. ) 
has demonstrated a similar A600 level when cells reach early stationary phase. The 
cultures assayed in this study may not have been far enough into stationary phase, and 
therefore need to be assayed at an even later stage to observe any frameshifting. 
It is conceivable that IS6110 frameshifting may be promoted in cells in a 
starved state as a result of an uncharged aminoacyl-tRNA affiving at the frameshift 
site during translation. The frameshift site already contains a rare codon, UUA, 
leucine (Andersson and Sharp, 1996) which may promote ribosomal stalling at this 
point. 
Although mRNA secondary structures (stem-loops and pseudoknots) have been 
implicated in enhancing frameshifting in a variety of IS elements such as IS 1, IS911 
and IS150 (Chandler and Fayet, 1993), as well as in retroviruses, such as IIIV-1 
(Bidou et al. 1997), it is unlikely that such structures play a role in ISOJO 
144 
('-flopirt . ", ("O? I! r(, l ý)f bun., pf, siliori bY Prograinmed Ttan. shimirial Fi, jpp, ýko 
frameshifting. No obvious mRNA secondary structures were identified in the 
immediate downstream vicinity of the IS6110 frameshift site. Therefore, if ribosomal 
frameshifting is occurring at the putative frameshift site, it may be due to the codon 
usage at this site. In order to test if stationary phase is a requirement to promote 
translational frameshifting in IS6110, a more accurate control of culturcs in various 
stages of stationary phase alongside controlled levels of oxygen tension needs to be 
utilised when assaying for P-galactosidase activity. 
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6.1 Transposition of IS6110 
The M. tuberculosis insertion sequence IS61101 IS986 was initially identified 
by Zainuddin and Dale (1989) and has been used widely for typing M. tuberculosis 
isolates as a result of the multiple polymorphism observed when using this element as 
a probe. This IS element has been independently sequenced by Thierry et al. (1990), 
designated IS6110, and McAdam et al. (1990), designated IS986. These sequences 
are virtually identical to the single copy IS element, IS987, from A bovis BCG 
(Hermans et al. 1991). The differences observed between IS6110, IS986 and IS987 
are the result of sequencing effors, as identified by this study, together with the data 
obtained by Dale (pers. comm. ) and the M. tuberculosis genome sequencing project. 
The correct sequence is that of the published IS987 sequence (Hermans et al. 1991) 
and these three elements are in fact identical. 
The transposition of IS6110 was investigated in A smeginatis, utilising a 
replicative, thermosensitive suicide vector as the delivery system, in order to generate 
a large number of transposition events. Transposition of IS6110 was not detected in 
growing cultures of M. smegmatis using the protocol previously employed by Guilhot 
et al. (1994) to generate a large number of Tn611 insertions into the M. sineginatis 
chromosome. However, transposition of IS6110 was detected using a method adapted 
from Smith and Dyson (1995), which was originally used to demonstrate transposition 
of IS6100, from M. fortuitum, in Streptomyces lividans. M. smeginatis cultures 
harbouring an IS6110 composite transposon on the thermosensitive vector was grown 
as a lawn at the permissive temperature (301C), with a 48 hour micraerobic shock and 
subsequently transferred to the nonpermissive temperature (39"C) where the lawn 
stopped growing. Putative transposition products were observed as papillae growing 
from the lawns after 2 weeks, for all strains possessing composite transposon vectors. 
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However, transposition was confirmed only for strains harbouring vectors PUS 1846 
and pUS1847, by Southern analysis and mixed-linker PCR (MLPCR). This 
demonstrated loss of the vector, with the point of integration into the chromosome 
isolated to the outside inverted repeat ends of the composite transposon. All 
combinations of IS6110 orientations within the composite transposons examined 
resulted in transposition only from vectors pUS1846 and pUS1847. Transposition 
frequencies of IS6110 from each of these vectors was approximately 3.64xlO-5 and 
1.55x 10-5 respectively. This assay generated a much greater number of independent 
transposition products than that previously demonstrated by Fomukong and Dale 
(1993) where only 1-2 transposition events gg-1 DNA were obtained with the use of a 
non-replicating vector. 
The vectors pUS1846 and pUS1847 are unique in that the right IS6110 copy of 
the composite transposon is downstream of the mycobacterial origin of replication, 
suggesting the requirement for external activation. This hypothesis, together with the 
conserved sequence identified for IS61101 IS9861 IS987, may explain the differences 
in copy number and location of IS6110 in different M. tuberculosis strains, as well as 
the lack of mobility of IS987 in M. bovis BCG. The requirement of an external 
promoter for expression of the transposase implies that its expression is dependent 
upon the transcriptional activity of the genomic sequences flanking the IS element. 
Therefore, if the IS element has inserted into a region with little or no transcriptional 
activity, this would be directly reflected in the low transposition frequency of the 
element. IS987 from M. bovis BCG is located within a region of direct repeats 
(Hermans et al. 1991) which, by its nature, is unlikely to be transcribed, thus may 
account for the absence of mobility of the IS element. The location of IS6110 in 
multi-copy strains of M. tuberculosis appears to be prevalent within a similar region 
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of directly repeated sequences in the genome (Philipp et al. 1996; Cole et al., 1998). 
This may be the result of a preferential site for integration. However, if external 
transcription is necessary, then the IS elements in this direct repeat region are unlikely 
to be highly mobile. Therefore, accumulation of IS6110 within the direct repeat 
region may be the result of transposition of the IS elements from a region of relatively 
high transcriptional activity into this region of low transcriptional activity. 
Transposition of IS6110 was stimulated when cells were exposed to a 
microaerobic shock and present in a non-growing state, using the papillation assay. 
During latent infection, dormant M tuberculosis are present within granuloma in the 
lungs for extensive periods of time, which in some cases may result in reactivation of 
the organisms. The specific environment within the granuloma remains unknown, 
however, factors such as oxygen deprivation and nutrient depletion, amongst a host of 
other adverse conditions are likely to be present. Extensive IS6110 polymorphism is 
detected for M. tuberculosis, suggesting mobility of the IS element under these 
adverse conditions when cells are dormant. Therefore, the high level of IS6110 
transposition detected from M. smegmatis cells exposed to a microaerobic shock and 
present in a non-growing state in this study, may be analogous to the situation 
occurring within dormant M. tuberculosis during latent infection. Oxygen limitation 
may result in the bacterial DNA being highly supercoiled (Hseih et al. 199 1) thus 
increasing the probability of recombination events by aligning the IS element ends 
with potential target sites at other regions of the genome. Alternatively, such an 
environment within the granuloma may stimulate transcription from alternative 
promoters possibly affecting transposition of IS6110. 
The hypothesis that transposition is controlled at the translational level 
(McAdam et al. 1990) may still be valid, although no significant level of 
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frameshifting was evident in this study. This may have been due to the growth phase 
of the bacterial cultures when assaying for translational frameshifting as well as the 
level of oxygen limitation within the cultures. As a high level of transposition was 
detected for cultures in a non-growing state with a microaerobic shock, then it follows 
that such conditions need to be reproduced in order to detect a significant level of 
translational frameshifting, assuming this to be the mechanism for control of 
transposition. If IS6110 does require an external promoter for activation, then it is 
plausible that control of transposition is exerted at the level of translation. If this were 
not the case, then fortuitous expression of the transposase may occur resulting in 
extremely high levels of transposition which would potentially be detrimental to the 
host, either by destabilisation of the genome or by mutation of essential genes. It is 
also conceivable that IS6110 translational frameshifting may be promoted in dormant 
tuberculosis within the granuloma. Studies have shown that ribosomal 
frameshifting is enhanced within stationary phase cells at the heptanucleotide 
4slippery site'. Although the reason for this is yet to be established, it may be that 
stationary phase ribosomes take longer than log phase ribosomes to traverse tile 
protein elongation cycle as a result of reduced GTP availability (Barak et al. 1996). 
Also, the presence of a rare codon within the putative ISGIO frameshift site may 
further promote the level of frameshifting (McAdam et al. 1990; Andersson and 
Sharp, 1996). 
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6.2 IS61 10 and genorne evolution 
Studies on mutagenesis have often been carried out in growing cultures where 
spontaneous mutations arise during DNA replication. However, this is not the case for 
resting cells, as no DNA replication is occurring. Therefore, tile presence of IS 
elements is likely to play a vital role in the generation of mutants in non-growing 
cells. Prokaryotic organisms found in nature, regardless of their ecological niclic, are 
more likely to spend time in a dormant state or under stressful conditions, rather tillin 
growing exponentially. Spontaneous mutagenesis mediated by IS elements is likely to 
generate variants under such growth conditions which may be advantageous. 
Research has shown the high plasticity of the E. coli genome in resting cells, whcrc a 
major contribution to the generation of spontaneous mutants has been attributed to IS 
elements. Studies performed by Naas et al. (1995) have demonstrated tile 
accumulation of IS-related DNA rearrangements occurring in stab cultures of E. coll 
K-12 over a period of 30 years. Transposition frequencies were approxiiiiatcly 10'5 
and frequently involved members of the IS3 family of insertion sequences with the 
number of insertions increasing with length of storage. Similarly, IS6110 
transposition may be stimulated to a higher frequency when the host cells tire in a 
non-growing state, resulting in the observed polymorphism during latent infection or 
M. tuberculosis. 
The effects of IS6110 transposition in M. tuberculosis, similar to other IS 
elements, is likely to result in a variety of genomic rcarrangcmcnts and mutations, 
thus driving evolution of the species. These IS-mediated mutations in resting cells are 
often neutral or deleterious and very occasionally may be advantageous to the 
organism (Naas et al. 1995). However, epidemiological studies have demonstrated a 
lack of neutral mutations from clinical isolates of M. tuberculosis in association with 
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differences in IS6110 copy number and rapid chromosomal difrcrciitiation 
(Sreevatsan et al. 1997). This is particularly interesting with respect to the cmerprice 
of multidrug resistant strains of M. tuberculosis. Studies have shown that >95% of 
identified mutations have been directly associated with antibiotic resistance 
(Sreevatsan et al. 1997), which in M. tuberculosis is chromosornally mcdiatcd, rafficr 
than from plasmid-bome genes. The spontaneous mutation frcqucncy of AL 
tuberculosis is within the range recorded for most othcr bactcria and horizontal gcne 
transfer appears to contribute little to the generation of gcnomic diversity. Therefore, 
when the cells are in a dormant state where very little or no DNA replication is 
present, it may be possible that the increased frequency of transposition of IS6110 or 
other native IS elements under these conditions is an indication of a general 
hypermutable state of the organisms that ultimately generates multidrug resistant 
strains. This would be in conjunction with the selective pressure from clictnothcrapy 
utilising a range of antibiotics. Assuming a frequency of 10'8 for spontaneous 
resistance to a single antibiotic, such as rifampin, then the likelihood of a strain 
arising that is resistant to multiple antibiotics is a product of their indepcildent 
probabilities (Reichman, 1996). Therefore, the probability of these strains arising 
appears to be unfeasibly low. However, such strains of Af. tuberculosis do exist and 
continue to be major problem. Studies have suggested a se1cction-induccd 
hypermutable state in which sub-populations of cells within a stationary phase culture 
experience genome wide mutagenesis (possibly involving IS ClCments), and 
ultimately die unless a selected mutation is generated (11all, 1988; Torkclson et al. 
1997). This hypothesis that the environment influences the mutation rate still rcinains 
extremely controversial. Perhaps a sub-population of dormant At. tuberculosis 
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becomes hypermutable in the presence of multidrug chemotherapy, thus ultiniatcly 
generating multidrug resistant strains? 
6.3 Further investigation 
The hypothesis that an external promoter is required for IS6110 transposition 
needs to be tested. This includes the generation of a transcriptional fusion of a 
mycobacterial. promoter immediately upstream of IS6110 and measuring the 
transposition frequency using the thermosensitive vectors and the papillation aussay. 
The use of a very strong promoter, such as PhsP60, may give rise to Icthal levcls of 
transposition, thus an alternative, for example, the 18 kDa promotcr nlay bc morc 
appropriate. Primer extension analysis of the vectors, pUS1846 and pUS1847, that 
demonstrated transposition of IS6110 would also confirm the promoter sitc, which has 
been suggested to originate from the thermosensitive mycobactcrial origin of 
replication. 
An intriguing question that needs to be addressed is the viability of the At. 
smegmatis lawns in the non-growing state over the duration of the transposition assay. 
The viable number of cells need to be quantitated over the course of the assay in order 
to generate a true frequency of papillation and how this relates to tile late, but sudden 
onset of papillation. It was observed that the presence of IS6110 generated a large 
number of papillae arising from DNA rearrangements selectcd by rcsistaticc to 
kanamycin. This may be caused by the IS6110 transposase and can be investigated by 
mutation of the putative transposase and observation of the papillation kinctics ovcr 
the course of the assay. The specific amplification of IS6110 cnd/ chromosonjal 
junctions by MLPCR strongly suggested that they were the result of a transpositioll 
mechanism. This can be further confirmed by cloning the amplified junctional 
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fragments into pUC vectors and sequencing using universal primers to show the 
expected 3 bp direct repeats immediately adjacent to the inverted rcpcat, and flanking 
M. smegmatis genomic DNA. 
The current understanding of mycobacteria, in particular Af. tuberculosis, has 
increased enormously in recent years and will continue to do so with the compiction 
of the M. tuberculosis genome sequencing project. However, further rcscarch should 
certainly include investigation of mycobacteria in stationary phasc of growth with 
environmental stresses, such as oxygen limitation. These conditions arc much niorc 
realistic of the environment that pathogens such as M. tuberculosis cricountcr. 
greater knowledge of the transposition mechanisms of inscrtion scqucnccs, in 
particular IS6110, under such conditions may prove to be very important in a grcatcr 
understanding of the evolution of M. tuberculosis which continues to be a world-wide 
problem. 
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MATERIALS.,, :::: 
All media was obtained from Difco and chemicals from Sigma unless othcrwise 
stated. Appropriate media and chemicals were autoclavcd at UPC undcr 15 psi prcssurc 
for 15 minutes. Alternatively, solutions were sterilised by filtration through a 0.2 Itin 
1% 
Minisart filter unit. 
'I 
Growth media 
LB broth: Bacto tryptone 1.0% (w/v), yeast extract 0.5% (w/v), NaCl 85 rnM, pi 17.5. 
LB agar: As LB broth with bacteriological agar 1.5% (w/v). 
,, U 
Nutrient broth number 2: 2.5% (w/v). 
Nutrient agar: Nutrient broth number 2 2.5% (w/v), bacteriological agar nurnbcr 2 1.5% (w/v). 
SOC: Bacto tryptone 2.0% (w/v), yeast extract 0.5% (w/v), NaCl 8.0 mM, KCI 2.5 niNl, 
MgS042OmM, glucose 20mM, pH7.5. Sterile MgC12 was addcd to lOmM prior to 
use. 
Media supplements 
Xgal (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside): 40 pg ml*l dissolvcd in 
dimethyl formamide. Filter sterilised, stored at -20"C in the dark. 
IPTG: (isopropyl-l-thio-p-D-galactoside) 10 99 ml*'. Filter stcriliscd,. storcd at -2011C. 
Tween 80: 0.05% (v/v). 
Glycerol: 0.02% (v/v). 
Ampicillin: 100 gg ml". Filter sterilised, stored at -20"C. 
f 
Kanamycin: 30 gg ml-1. Filter sterilised, stored at -201C. 
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General buffers 
6X Loading buffer: 40.0% (w/v) sucrose, 0.25% (w/v) bromophenol blue. 
Buffered phenol/ chloroform: 50: 50 ratio (v/v). 
Phosphate-buffered saline: 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na2IIPO4,1.4 mM 
KH2PO4, pH7.3. 
50X TAE: 270 mM tris, 7.0 mM EDTA, 1.15% (v/v) glacial acctic acid. 
TE: 10 mM tris/HCI pH8.0, I mM EDTA pH8.0. 
Plasmid DNA minipreparation solutions 
Solution 1: 50 mM glucose, 25 mM tris/HCI pH8.0,10 mM EDTA. 
Solution 2: 0.2M NaOH, 1% (w/v) SDS. 
Solution 3: 60% (v/v) 5M potassium acetate, 11.5% (v/v) glacial acctic acid. 
Southern analysis buffers and solutions (digoxygenln system) 
Denaturation solution: 0.5N NaOH, 1.5M NaCl. 
Neutralisation solution: 0.5M tris-HCI, 3M NaCl, p117.5. 
20X SSC: 3M NaCl, 0.3M sodium citrate, pH7.0. 
Standard Buffer 1: 0.15M NaCl, OAM maleic acid, p117.5 with solid NaOl I, 
Blocking Reagent (Boehringer Mannheim): 10% (w/v) blocking reagent in standard 
buffer I was dissolved by heating and autoclaved. Stored at -200C. 
Prehybridisation Buffer: 5X SSC, 0.1% (w/v) N-lauroylsarcosinc, 0.02% (W/v) SDS, 
1.0% (v/v) blocking reagent. 
Hybridisation Buffer: As prehybridisation buffer with Digoxygcnin-labcllcd DNA 5-25 
ng ml". 
2X Wash: 2X SSC, 0.1 % (v/v) SDS. 
0.1X Wash: 0. IX SSC, 0.1 % (v/v) SDS. 
Buffer 2: 1.0% (v/v) Blocking reagent in standard buffer 1. 
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Washing Buffer: 0.3% (v/v) twccn 20 in standard buffer 1. 
Anti-DIG antibody-alkaline phosphatasc conjugate (Bochringcr Mannficim): 0,01% (v/v) 
in buffer 2. 
Buffer 3: 100 mM tris-IICI, 100 rnM NaCl, 50 rnM MgC12, p119.5. 
CSPD (Boehringer Mannheim): 1.0 % (v/v) in bufrcr 3. 
Probe Stripping Solution: 0.2N NaOI1,0.1% (v/v) SDS. 
Bacterial strains 
Strain Detalls 
Escherichia coli D115a 
Mycobacteritan sinegniatis 
mc'155 
supE, 44, AhicUI69 ((ý50hicZA15), hsill? 17. reMl 
en(LAI, gyrA96, thi-1, relAl (Ilanalian 1983). 
Sn,, tppcr et al., 1988 
Plasmids 
Plasmid I Details 
pAL5000 
pCG59 
pUC18 
PUC19 
pUS903(ts) 
pUS973 
Itercrence 
MYcobactcrial origin of rcplication 
pAL. 5000 thcrinoscnsitivc mutant, oph, hicZv4 colEl 
bla, colEl. lacZa 
bla, colEl, lacZa 
IS900 composite transposon, aph, thermosensitive 
mYcobactcrial origin of replication, colEl 
Mycobactcrial origin of replication, aph. Phsp60, MEI 
Lobidi et at., 1985 
Guilhot et al., 19921) 
Yoniscii-i"crron ei (lt., 1983 
Yanisch-Paronet a/.. 1985 
Dellagohfin (pcrs. comm. ) 
Delligostin (Ivri. comm. ) 
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Gcncral tcchniqucs in moiccular biology, which arc bricfly ticscribcd, wcrc 
performed according to Sambrook el al. (1989) unless stated othcrwisc. 
Estimation of cell viability 
Ccll viability counts of E. coli or At. sinegmatis culturcs wcrc pcrformcd by 
inoculating a specific volume from a known dilution of tile bactcrial culture onto agar 
plates. Plates were incubated at the appropriate temperature and the number of colonies 
scored. The number of viable cclis, expressed as colony forming units per ml or tile 
original culture (cfu ml"), was calculated using the following quation: 
cfU mi" = 100011 / V(I, 
where d= the culture dilution, n= the number of colonics scorcd and v= thc culturc 
inoculum (pl). 
Small scale preparation of plasmid DNA 
Plasmid DNA was routincly cxtractcd from E. coll by alkaline lysis. A3 ml 16-18 
hour culturc was ccntrifugcd at 1400g for 10 tilinutcs and (lie supcnintant discarded. Thc 
rcmaining pcilct was rcsuspcndcd in 150 til of solution I followcd by addition of M) til 
of frcshly prcparcd solution 2. The commits were mixcd by inversion and placal on ice 
for 5 minutcs. Subsequcnt addition of 225 pl of solution 3 was followcd by Itimsion 
mixing and incubation on icc for a furthcr 5 minutcs. The mixturc was centrifuged at 
150OOg for 5 ininutcs to rctilove prccipitatc. The supcmatant was cxtractcd and incubatal 
with RNAscA (final conccntration 20 jig mi") at 37*C for 20 minutcs. Plasnild DNA lit 
solution was purificd by plicnol/chloroform cxtraction, prccipitatcd and rcsusIvndcd In 30 
watcr (storcd at -20*C). 
Appendix /I, - Methods 
Plasmid DNA to be used for sequencing or for transformation of M. smegmatis was 
extracted using commercially available kits (Hybaid RecoveryTm plasmid miniprep kit 
and Qiagen mini kit) according to manufacturers' instructions. 
Chromosomal DNA extraction from mycobacteria 
A 10 ml culture of M. smegmatis grown at 371C for 48 hours was centrifuged at 
1400g for 15 minutes and the supernatant discarded. The remaining pellet was 
resuspended in 400 gl 0.3M sucrose/TE. Freshly prepared lysozyme was added to a 
concentration of 2 gg ml" and incubated at 37'C for I hour. EDTA, SDS and pronase 
were then added to 50 mM, 1% (v/v) and 0.2 mg ml" respectively and the mixture 
incubated at 55'C for 1 hour. This was followed by phenol/chloroform extraction and 
treatment with RNAseA (final concentration 20 gg ml"). Chromosomal DNA in solution 
was again purified by phenol/chloroform extraction, ethanol precipitated and resuspended 
in 20 gl water. 
Agarose gel electrophoresis 
Routine DNA analysis was perfonned using agarose gel electrophoresis. Gels of 
appropriate concentration (w/v) were prepared in IX TAE and subjected to 
electrophoresis at 5-10 V cm71 in a horizontal submarine gel tank (BioRad). Gels were 
then stained in an ethidium bromide bath (0.5 gg ml" in IX TAE). DNA was observed 
using an ultra-violet transilluminator and photographed on a gel documentation system 
(UVP Imagestore 5000). 
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Purification of DNA from agarose gels 
Specific DNA fragments were excised from agarose under UV transil lumi nation 
and purified using the Qiaquick gel extraction kit (Qiagen) according to manufacturer's 
instructions. 
Phenol/Chloroform extraction of DNA 
Phenol/chloroform and DNA solution were mixed in equal volumes. Samples were 
centrifuged at 150OOg for 5 minutes. The upper aqueous layer containing the DNA was 
extracted and retained. 
DNA precipitation 
To a given volume of DNA in solution, was added 0.1 volume 2M NaCl and 2 
volumes 100% (v/v) ethanol. Samples were placed at -201C for 18-24 hours and 
centrifuged at 150OOg for 10 minutes at 4"C. The supernatant was discarded and the DNA 
pellet was washed with 70% (v/v) ethanol. The resulting pellet was air dried and 
resuspended in an appropriate volume of water. 
Restriction endonuclease digestion of DNA 
DNA was digested with the required restriction endonuclease in the appropriate IX 
restriction buffer and incubated at enzyme's optimum temperature. The total reaction 
volume was altered according to the amount of DNA to be digested. Restriction 
enclonucleases and buffers were supplied by Boehringer Mannheim and New England 
Biolabs. 
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Dephosphorylation of DNA 
DNA was dephosphorylated using calf intestinal alkaline phosphatase (CIP) in the 
supplied IX buffer (Boehringer Mannheim). The reaction was first incubated at 370C for 
15 minutes and then at 55*C for a further 15 minutes. Another I unit of CIP was added to 
the reaction and the first two incubation steps repeated. The reaction was terminated by 
inactivation of the enzyme at 75"C for 10 minutes. 
Ligation of DNA fragments 
DNA fragments were ligated in a 3: 1 molar ratio of insert DNA to vector using T4 
DNA ligase (Bethesda Research Laboratories) in the supplied IX buffer. The rcaction 
was incubated at 14"C for 18-24 hours. 
Synthesis of oligonucleoticles 
Oligonucleotides were synthesised on an Applied Biosystems 381A synthesiser. 
Deprotection and removal of oligonucleotides from the synthesis column was achieved by 
passing 1.5 ml of 35% (v/v) ammonia through the column at a rate of 0.2 rnI/ 20 minutes. 
The eluted ammonia was incubated at 55"C for 18-24 hours. DNA was precipitated with 
0.1 volume of 3M sodium acetate (pH5.2) and 3 volumes of 100% (v/v) ethanol overnight 
at -20'C. Oligonucleotides were harvested by centrifugation at 150OOg for 20 minutes at 
4'C. The remaining pellet was washed with 80% (v/v) ethanol and resuspended in water. 
Alternatively, synthetic oligonucleotides were purchased from Gcnosys 
Biotechnologies. 
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Polymerase Chain Reaction (PCR) 
PCR amplification was performed using the Hybaid OmniGene or Perkin Elmer 
GeneAmp thermal cyclers. A standard reaction contained 8% (v/v) glycerol, 200 [tM each 
dNTP (dATP, dGTP, dCTP, dTTP), 0.5 gM each oligonucleotide primer, 0.5 ng DNA 
template and IU Taq DNA polymerase in IX PCR buffer (Stratagene). Typical PCR 
reaction conditions consisted of an initial denaturation step at 95T for 5 minutes, 
followed by 35 cycles with denaturation at 951C, primer annealing at 581C and extension 
at 72*C each for I minute. The final cycle was extension at 7211C for 5 minutes. 
Automated DNA sequencing 
DNA was sequenced on an Applied Biosysterns 373A automated sequencer using 
the dye terminator cycle sequencing method. 
Sequence analysis 
Sequence alignments were performed on the world wide web using the BCM 
Search Launcher located at the Human Genome Center, Baylor College of Medicine, 
Houston Texas (http: //kiwi. imgen. bcm. tmc. edu: 8088/search-launcher/launclicr. litml). 
Sequence comparisons were also performed using a BLAST search located at the 
National Centre for Biotechnology Information (http: //www. ncbi. nlm. nih. gov/BLAST/). 
Appendi. r II. - Alethods 
Preparation of competent cells 
Exo1i 
E coli DH5a cells were cultured in 100 ml LB broth at 370C with shaking at 240 
rpm to an OD600 Of 1.0 and chilled to 4"C for 20 minutes. Cells were harvested at 1400g 
for 15 minutes at 4'C and washed in 50 ml sterile water. This procedure was rcpeated 
twice and the cells resuspended in 2 ml 10% (v/v) glycerol. Aliquots were stored at - 
70'C. 
M. smegmatis 
M. smegmatis mc 2 155 cells were grown to late exponential phase (approximately 2 
days) at 37'C in 100 ml nutrient broth number 2 with Tween 80 and glycerol (shaken at 
240 rpm). Cultures were chilled to 4"C for 30 minutes, harvested at 1400g for 15 minutes 
and resuspended in 25 ml sterile water. Cells were washed in 5 ml 10% (v/v) glycerol, 
harvested and resuspended in 2ml 10%(v/v) glycerol. Aliquots were storcd at -70*C. 
Transformation of competent cells 
E. coli 
Upto 10 ng of DNA was added to 20 gI of competent E. coli D115(x cells and placed 
in ice for 45 minutes. Cells were then heat-shocked at 42*C for 45 seconds and 
immediately placed in ice for 2 minutes. Recovery of cells was achieved by addition of 80 
gl SOC and incubation at 37C for 60 minutes prior to selection of transformants on LB 
agar supplemented with the appropriate antibiotics. 
AppentAr /I. - Methods 
M. smegmatis 
Aliquots (100 gl) of competent M. smegmatis mc 2 155 cells were electroporated 
with 0.1-1 [tg of DNA using the BioRad GenePulser (voltage 2.5 W, capacitance 25 
gFD, resistance 600KI). Cells were then recovered in 900 gl of broth at 37"C for 2 hours 
and transformants selected at 37C on nutrient agar supplemented with the appropriate 
antibiotics. 
Southern Blotting 
Following electrophoresis, DNA was transferred from agarose gels onto positively 
charged nylon membranes (Boehringer Mannheim) by capillary action. The agarose gel 
was initially depurinated with 0.25M HCI for 5 minutes followed by two 15 minute 
washes in denaturation solution and neutralisation solution. The get was then placed faced 
down on three strips of 20X SSC-saturated filter paper (Whatman 3M) on a platform with 
the ends of the paper dipping into a bath of 20X SSC. The gel was overlaid with the nylon 
membrane, two sheets of filter paper and tissue paper approximately 10 cm thick. The 
whole structure was weighed down with a brick and left for 18-24 hours to allow full 
transfer of DNA onto the membrane. 
Digoxygenin labelling of DNA 
DNA was labelled with Digoxygenin-I I-dUTP using the random primed method 
according to manufacturer's instructions (Boehringer Mannheim). The DNA template 
was created by boiling and rapid cooling to produce single stranded DNA. Random 
hexanucleotides were annealed to prime synthesis of the complementary strand using 
Klenow enzyme with DIG-11-dUTP and dNTPs. Concentration of labeled DNA was 
Appendix U. - Methods 
estimated by the emitted light intensity detected on radiographic film as compared to that 
emitted by labelled control DNA for a dilution series of both samples. 
DNA detection by hybridisation 
Membranes were initially incubated in prehybridisation buffer at 68*C for upto 4 
hours followed by incubation in hybridisation buffer overnight at the same temperature. 
Membranes were then treated twice with 2X wash solution at room temperature for 5 
minutes and twice with OAX wash solution at 68"C for 15 minutes. 
Detection of DIG-labeled nucleotides hybridised to membrane-bound DNA was 
achieved with a chemiluminescent reaction according to manufacturer's protocols 
(Boehringer Mannheim). Membranes were initially treated with buffer 2, to prevent non- 
specific binding of antibody to the membrane, followed by incubation with anti-DIG 
antibody fragments conjugated to alkaline phosphatase. Finally, the substrate CSPD was 
added to the membranes and was cleaved by any bound alkaline phosphatase, thus 
emitting light detectable on radiographic film. 
166 
, 
SY. MBQLS, FQRAMINO, "'ACjDS,, 
A Ala Alanine 
B Asx Asparagine 
C Cys Cysteine 
D Asp Aspartic acid 
E Glu Glutarnic acid 
F Phe Phenylalanine 
G Gly Glycine 
H His Histidine 
I Ee Isoleucine 
K Lys Lysine 
L Leu Leucine 
M Met Methionine 
N Asn Asparagine 
P Pro Proline 
Q Gln Glutarnine 
R Arg Arginine 
S Ser Serine 
T Thr Threonine 
V Val Valine 
w Trp Tryptophan 
Y Tyr Tyrosine 
z Glx Glutamine 
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